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1.  INTRODUCTION 


This  report  details  our  efforts  in  the  determination  of  the  on-orbit 
environment  surrounding  spacecraft.  The  research  was  performed  for  the 
Spacecraft  Interactions  Branch  of  the  Space  Physics  Division  of  the  Air  Force 
Geophysics  Laboratory.  This  report  includes  contributions  from  our  sub¬ 
contractors  EKTRON  Applied  Imaging  and  Miranda  Laboratories.  The  multiyear 
project  consisted  of  three  major  tasks:  a  literature  survey,  preparation  for 
the  data  of  the  Particle  Analysis  Cameras  for  Shuttle  (PACS),  and  the  analysis 
of  the  data  to  create  a  model  of  the  orbital  particulate  environment. 

During  the  literature  search  ve  discovered  that  many  observations  were 
presented  with  little  or  no  insight  provided.  Physical  Sciences  Inc.  (PSI) 
therefore  untertook  a  critical  review  of  the  data  in  an  attempt  to  reconcile 
seemingly  contractory  observations  and  provide  needed  understanding  of  the 
variety  of  unexpected  processes  occurring  above  spacecraft  surfaces  in  low- 
earth  orbit.  We  were  able  to  make  contributions  to  the  understanding  of  the 
neutral  molecular  contamination  cloud;  the  modifications  of  the  ionic  environ¬ 
ment;  the  optical  contamination  glow;  and  the  earlier  observations  of 
particulates. 

In  order  to  prepare  for  the  data  to  be  returned  by  the  PACS  stereoscopic 
cameras,  EKTRON,  PSI,  and  Miranda  Laboratories  provided  suggestions  for  PACS 
optical  configuration,  performed  a  sensitivity  and  error  budget  analysis,  and 
developed  a  data  reduction  plan. 

The  PACS  Cameras  were  aboard  Shuttle  Mission  STS61-C  (Columbia)  in 
January  1986.  We  helped  support  M.  Ahmadjian  of  AFGL  during  the  mission  at 
the  Hitchhiker  Command  Center.  PSI  and  its  subcontractors  provided  a  rapid 
review  of  the  PACS  data.  We  presented  a  data  quality  review  meeting  1  month 
after  receiving  the  film  data  (1-1/2  months  after  mission)  and  a  quick-look 
report/briefing  4-1/2  months  after  receiving  the  data.  Because  only  a  single 
camera  functioned  properly,  accurate  information  can  be  obtained  only  about 


irradiance  levels,  particle  counts,  and  clearing  times.  These  time  scales  are 
critical  for  the  guidance  of  future  Air  Force  Missions.  As  our  final  task,  we 
developed  a  rough  model  of  the  Shuttle  Particulate  Environment  which  will 
guide  future  observations. 

Because  PSI  recognized  the  need  to  draw  clear  conclusions  and  disseminate 
this  information  in  a  timely  manner,  we  have  been  careful  to  document  our 
results  promptly  throughout  the  research  project  and  made  numerous  presenta¬ 
tions  at  scientific/engineering  meetings  and  published  extensively.  These 
reports  are  provided  as  appendices  in  this  final  report.  They  accurately 
summarize  our  work.  We  will  provide  in  this  section  a  description  of  the 
overall  project  and  particular  technical  details  not  covered  elsewhere. 


2.  REVIEW  AND  GLOW  SUMMARY 


Our  literature  search  provided  guidance  to  us  about  which  aspects  of 
on-orbit  environment  must  be  most  clearly  understood  and  characterized  to 
ensure  the  success  of  Air  Force  future  missions.  In  particular  the  molecular 
and  ionic  contamination  cloud,  glow  and  particles  will  all  generate  emissions 
which  could  interfere  with  observations 

We  became  aware  that  most  of  this  data  was  not  yet  published  or  even 
analyzed.  Preliminary  analyses  and  findings  were  presented  mostly  at  con¬ 
ferences  and  as  short  notes  in  the  literature.  In  order  to  get  abreast  of  the 
latest  results,  one  of  our  staff  attended  the  AIAA  Shuttle  Environment  and 
Operations  Meeting  in  Washington,  DC  on  31  October-2  November  1983.  That 
meeting  provided  a  good  overview  of  the  current  state  of  knowledge  of  the 
Shuttle  on-orbit  environment.  This  knowledge  base  was  very  incomplete  and 
often  inconsistent.  Each  experimenter  had  analyzed  only  a  small  portion  of 
his  data,  which  was  not  directly  comparable  to  the  data  of  others.  Thus, 
broad  conclusions  could  not  be  drawn  without  further  insightful  interpre¬ 
tation.  Largely  by  luck,  we  were  asked  to  give  an  invited  paper  reviewing  the 
Shuttle  environment  at  the  22nd  Aerospace  Sciences  Meeting  of  the  AIAA  in  Reno 
and  as  a  seminar  at  AFGL.  In  preparing  the  talk,  we  gained  a  greater  under¬ 
standing  of  the  available  data  base,  searched  for  inconsistencies  between 
experimental  observations,  and  identified  areas  of  greatest  concern  for  future 
Shuttle  users. 

The  text  arising  from  that  talk  is  presented  as  Appendix  A  was  published 
in  J.  Spacecraft  22,  500  (1985).  The  key  conclusions  drawn  were: 

•  The  large  variability  of  the  natural  and  Shuttle-induced  environment 
might  largely  explain  differences  between  experimental  observations. 


The  environment  is  often  "benign"  but  thruster  events  can  frequently 
and  strongly  perturb  the  entire  local  environment. 


Water  vanur  is  the  dominant  gaseous  contaminant  and  its  desorption 
ratr  jtt  Shuttle  surfaces  is  not  known. 

The  existence  of  a  Shuttle-induced  enhancement  of  the  plasma  density 
is  clouded  by  contradictory  observations. 


The  glow  over  Shuttle  surfaces  is  the  most  puzzling  and  intriguing 
phenomenon  observed.  Several  possibilities  for  the  source  of  the 
glow  exist  and  each  may  contribute  under  certain  conditions.  VJe 
proposed  a  new  class  of  mechanisms  relying  upon  the  catalytic  nature 
of  the  spacecraft  surfaces:  atomic  recombination  into  electronically 
excited  states  after  impact  dissociation  on  Shuttle  surfaces.  Such 
a  catalytic  mechanism  is  currently  believed  responsible  for  the 
visible  glow.  A  manuscript  describing  these  processes  has  been 
published  in  Geophysics  Research  Letters  1_1(6),  576  (1984).  A  copy 
of  the  manuscript  is  attached  as  Appendix  B. 

The  particulate  environment  suffers  from  contradictory  observations. 
The  IECM  cameras  showed  low  particulate  densities  after  the  first 
day  of  the  mission.  Video  and  Star  Camera  data  from  STS-3  and  -4, 
respectively,  indicate  the  presence  of  a  great  number  of  large 
particles  persisting  around  the  Shuttle  during  its  entire  week-long 
mission.  The  AFGL  PACS  camera  data  film  pairs  were  to  provide 
critical  data  needed  to  resolve  this  issue. 

NASA  was  reported  to  be  slow  at  providing  data  on  Shuttle  activities 
to  experimenters,  thus  considerably  hampering  post-flight  analyses. 
Thus  experimenters  were  urged  to  accumulate  much  supporting  data 
during  the  mission. 

NASA  views  the  Shuttle  as  a  clean,  reliable  transportation  system  to 
space  and  states  that  the  users  must  assess  the  impact  of  its  total 
environment  of  their  experiments,  basically  -  caveat  emptor.  Out 


independent  review  provides  a  first  step  toward  the  goal  of  per¬ 
mitting  Shuttle  users  to  perform  that  difficult  evaluation. 

Throughout  the  remainder  of  the  project  we  continued  to  improve  our  under¬ 
standing  of  the  Shuttle  environment  as  data  from  additional  missions  became 
available  and  was  analyzed. 


An  area  of  particular  concern  was  the  glow  observed  above  surfaces 
exposed  to  impact  by  the  residual  atmosphere.  Although  the  glow  has  only  been 
studied  in  the  visible,  its  source  and  its  magnitude  at  UV  and  especially  IR 
wavelengths  could  have  significant  impacts  on  detection  thresholds  of  Air 
Force  sensor  systems.  Thus  throughout  the  rest  of  the  project,  we  were  active 
in  the  glow  community;  critically  reviewing  the  results  from  each  mission  and 
proposing  new  theories.  At  the  second  Workshop  on  Spacecraft  Glow  at 
NASA/Marshall  (on  May  1985),  we  presented  a  paper  reviewing  the  existing  data 
base  and  confirming  or  eliminating  proposed  species  via  spectral  identifi¬ 
cation.  No  one  had  yet  surveyed  the  classes  of  mechanisms  that  could  be 
occurring  over  the  various  surfaces,  and  no  attempt  had  been  made  to  estimate 
the  magnitude  of  the  processes  or  even  their  relative  importance.  The  paper 
represented  our  first  attempt  at  such  a  survey.  Drs.  Terry  Rawlins  and 
William  Marinelli  at  PSI  assisted  in  the  analysis  and  computer  calculations. 
The  PSI  spectral  synthesis  code  was  used  to  clearly  show  that  highly  vibra- 
tionally  excited  species  could  give  rise  to  visible  emission  with  a  spectral 
shape  and  intensity  matching  the  observed  glow.  We  showed  that  the  most 
likely  excitation  processes  involve  surface  interactions.  Surface  bulk 
reactions  were  not  considered  in  this  draft.  The  text  from  the  published 
proceedings  of  that  workshop  is  presented  in  Appendix  C.  This  concept  of  the 
application  of  spectral  fitting  to  the  data  base  and  the  importance  of  various 
types  of  processes  was  further  refined  and  published  in  Planetary  and  Space 
Sci.  34,  839  (1986).  That  article  is  presented  as  Appendix  D.  The  NASA 
Workshop  was  an  intensive  two-day  meeting.  It  included  talks  on  the  existing 
data  bases,  on  postulated  source  mechanisms,  on  ground-based  simulation 
facilities,  and  on  planned  glow  experiments.  The  three  major  data  bases 
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appear  to  be  internally  self-consistent  but  do  not  support  each  other. 
Lockheed's  spectrophotometer  camera  system  looks  above  ram  surfaces  and 
observes  a  spectral  continuum  peaking  at  670  nm  with  a  characteristic  width  of 
20  cm.  They  attribute  the  glow  to  NOj*  exclusively.  The  ISO  instrument 
(M.  and  D.  Torr)  looks  out  into  the  earth  limb  at  250  km.  They  observed  limb 
emissions  as  well  as  underlying  spectrally  structured  emissions  which  vary 
latitudinally  and  temporally.  They  attribute  the  emissions  to  and  unknown 
species.  Their  observations  may  be  distorted  by  the  occurrence  of  thruster 
events  during  their  time  averaged  spectra.  Several  of  their  spectra  are 
anomolous  containing  many  features  which  are  broadened  and  have  unusual 
shapes.  The  Atmospheric  Explorer  (AE)  Satellite  Sensors  (Yee  and  Dalgarno) 
look  outward  from  the  satellite  body  through  a  glow  layer.  Radiances  in  six 
bandpasses  across  the  visible  are  observed.  The  spectral  distribution  of 
these  bands  is  roughly  intermediate  in  shape  to  the  two  Shuttle  observations. 
They  attribute  the  glow  to  two  constituents  OH  and  NOj. 

PSI  feels  that  different  mechanisms  (plasma,  gas  phase  chemistry,  surface 
catalysis,  and  surface  reactions)  are  all  operating  over  surfaces  under 
certain  conditions  which  occur  in  the  extremely  variable  orbital  environment. 
For  example:  1)  at  high  altitudes  or  perhaps  during  thruster  events,  plasma 
processes  will  give  rise  to  emission;  2)  during  thruster  firings  the  neutral 
gas  density  is  high  enough  that  gas  phase  reactions  will  give  rise  to 
chemiluminescent  and  collision-induced  emission;  3)  the  thruster  effluents 
coat  surfaces  due  to  backseat  ter ing  and  these  species  will  be  available  for 
reacting  with  the  ambient  flux  to  give  rise  to  chemilumiescent  gas  phase 
emission;  4)  the  ambient  flux  (including  impact-dissociated  N2)  will  be 
adsorbed  on  surfaces  and  can  recombine  to  form  NO,  O2 ,  N2,  and  NOj  in  excited 
electronically  and  vibrationally  excited  states;  and  5)  the  ambient  flux  can 
react  with  surface  materials  to  give  excited  NO,  CO,  or  OH.  The  consensus  at 
the  Workshop  was  that  surface  catalyzed  reactions  are  the  dominant  processes 
responsible  for  glow.  If  such  is  the  case,  the  glow  in  th*  infrared  is  likely 
to  be  considerably  brighter  than  the  visible  as  demonstrated  in  Appendix  C. 
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Ground-based  simulation  facilities  were  discussed  at  the  NASA  Workshop. 
Cross  (LANL),  Arnold  (Aerospace),  Bareiss  (MMC),  and  Langer  (Princeton) 
described  their  experiments.  None  of  these  facilities  reported  producing 
oxygen  atoms  at  orbital  velocity  kinetic  energies  of  5  eV.  As  part  of  a 
separate  NASA/SBIR  project,  PSI  has  produced  a  high  density  flux  of  neutral-0 
at  energies  >  5  eV. 

Several  glow  experiments  were  discussed  at  that  meeting.  Not  all  of  them 
will  be  made.  M.  Torr  is  trying  to  coordinate  an  experiment  using  several 
existing  spectrometric  instruments  looking  at  surfaces  suspended  within  the 
field  of  view.  Fazio  (Harvard)  described  the  IR  Telescope  Experiment  which 
was  part  of  the  Spacelab  2  mission.  IR  radiometers  in  six  bandpasses 
(2  to  3  pm,  4.5  to  9.5  pm,  6.1  to  7.1  pm,  8.5  to  14  pm,  18  to  30  pm,  and 
70  to  120  pm)  looked  directly  out  of  the  bay.  Although  primarily  astronomic 
in  nature,  his  experiment  will  look  across  the  bottom  of  the  PDP  package  held 
just  outside  his  field  of  view.  M.  Mumma  (NASA/GSFC)  is  planning  to  fly  a  CVF 
(from  Utah  State  University)  capable  of  detecting  wavelengths  between  0.9  and 
5.5  pm  as  part  of  the  SKIRT  experiment.  This  instrument  will  be  in  a  gas 
canister  looking  directly  out  of  the  bay.  The  University  of  Colorado  i-? 
planning  to  build  a  l/8m  Ebert-Fastie  Spectrometer  in  a  gas  canister  which 
will  use  a  scanning  mirror  to  look  at  Shuttle  tail  surfaces  at  wavelengths  of 
1900  to  3000  angstrom. 

We  participated  in  a  preliminary  experimental  design  meeting  at  AFGL  on 
14  May  1985  to  develop  an  experiment  on  a  free  flying  pallet  which  would 
acquire  data  aimed  toward  the  identification  of  glow  excitation  mechanisms 
under  a  variety  of  conditions.  Our  suggestions  for  the  key  observations  are 
listed  in  Table  1. 

We  attended  an  IMPS  Workshop  on  31  July  1985.  The  exciting  glow  experi¬ 
ment  presented  at  that  meeting  prompted  us  to  review  the  existing  orbital 
observations  data  base  to  make  intensity  predictions  for  different  altitudes 
and  viewing  geometries  to  help  guide  that  mission.  This  exercise  is  presented 
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Table  1.  Definitive  Glow  Experiment  to  Distinguish  Plasma 
from  Chemical  Mechanisms 


1.  Geometric  variability  -  look  over  broad,  pointed,  folded  surfaces. 
Observe  intensity,  spatial  extent,  spectral  distribution  versus 
distance. 

2.  Vary  ionic  concentrations: 

a.  Prevent  from  reaching  surface  using  charged  grid,  pulsed  duty 
cycle.  Observe  intensity,  emitters,  spectral  distribution. 

b.  Increase  ion  density  using  lov  work  function  surface;  create  or 
enhance  plasma. 

c.  Spacecraft  charging  effects. 

3.  Study  surface  dependence: 

a.  Surfaces  where  glow  is  catalytic  (both  conductive  and  non- 
conductive)  (MgFj,  Al,  2306  black  paint) 

b.  Surfaces  which  are  degrded  (Kapton,  Mylar, . . .E0IM3) . 

4.  Thruster  plumes  should  be  observed  as  a  function  of  time,  distance. 

5.  Surface  glows  should  be  observed  as  a  function  of  time  after  dumps, 
thruster  events. 

ANALYSIS 

5.  See  excitation  energy  required  for  various  emitting  states  to 
isolate  plasma  from  various  chemical  mechanisms  (electron  energies 
of  <  100  eV  versus  kinetic  energy  +  reaction  exothermici ty) 

INSTRUMENTAL 

6.  Only  need  resolution  sufficient  to  discriminate  overlapped 
branches  and  lines. 

7.  Use  2D  detection  array  -  simultaneous  spatial  and  spectral. 

8.  Use  radiometers: 


a.  As  bore  sight  to  home  in  on  glow  regions 

b.  Single  wavelength  to  compare  with  Mende 

c.  Multiple  bandpasses  to  look  for  gross  changes  500  to  800  nm. 
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as  Appendix  E  of  this  report:  Radiance  Calculations  for  the  IMPS/Glov  experi¬ 
ment.  The  current  AIS  glow  experiment  grew  out  of  these  two  previously  pro¬ 
posed  payloads. 


The  impact  of  glow  on  future  space-based  observations  was  addressed  in  a 
talk  presented  at  the  AIAA  20th  Thermophysics  Conference.  This  talk  was 
entitled  "The  Nature  of  the  Glow  and  its  Ramifications  on  Space-Based 
Observations."  Dr.  Edmond  Murad  coauthored  this  work.  There  for  the  first 
time  the  role  of  kinetic  energy  in  inducing  endothermic  reactions  with  bulk 
materials  to  produce  chemiluminescent  species  was  proposed.  This  concept  was 
clearly  outlined  in  an  article  "The  Shuttle  Glow  as  an  Indicator  of  Material 
Changes  in  Space"  coauthored  by  Dr.  Murad  of  AFGL  which  appeared  in  Planetary 
and  Space  Science,  34,219  (1986),  and  is  presented  as  Appendix  F.  The  key 
concept  here  was  that  ram  oriented  surfaces  could  have  a  unique  spectral 
signature  which  could  affect  its  ability  to  be  remotely  observed. 


The  next  major  technical  interchange  on  glow  occurred  at  the  AIAA  Shuttle 
Environment  and  Operations  II  Conference  in  Houston  in  November  1985.  Our 
paper  "A  Review  of  the  Shuttle  Glow"  led  off  an  interesting  session,  and  is 
included  as  Appendix  G.  This  review  was  updated  with  the  new  findings  pre¬ 
sented  at  the  conference  and  as  such  it  represents  a  complete  review  of  the 
knowledge  of  Shuttle  Glow  up  to  1986.  Since  this  meeting,  no  further  work¬ 
shops  on  glow  were  held  during  the  period  of  performance  of  this  contract. 


The  Shuttle  Glow  as  only  one  aspect  of  the  role  of  kinetic  energy  in 
inducing  or  altering  the  products  of  chemical  reactions  was  the  topic  of  a 
talk  presented  at  a  High  Temperature  Chemistry  Gordon  Conference  in  1986. 
Again,  Dr.  Murad  of  AFGL  provided  useful  advice  and  insight.  The  viewgraphs 
of  this  talk  are  presented  as  Appendix  H  of  this  report.  Because  of  our 
review  and  glow  activities,  we  were  able  to  provide  significant  insight  into 
several  environments  surrounding  the  Shuttle. 
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We  performed  several  basic  calculations  in  order  to  assess  the  magnitude  of 
various  effects  on  the  environment  surrounding  large  space  structures. 

Several  interesting  conclusions  were  reached,  indicating  that  more  accurate 
calculations  should  be  performed  in  the  future.  We  summarize  our  preliminary 
findings  below. 

1.  Inside  thruster  exhaust  columns,  the  pressures  and  densities  are 
high  enough  that  continuum  flow  relationships  apply  for  distances  up 
to  many  meters  from  the  expansion  throat.  For  all  but  the  shortest 
burns,  a  sufficient  number  of  collisions  exist  for  the  exhaust  to 
expand  and  travel  along  the  Shuttle  surface  and  even  (if  the  transi¬ 
tion  radius  has  not  been  reached)  to  travel  around  corners.  As  a 
result,  Shuttle  surfaces  are  frequently  exposed  to  thruster  exhausts 
and  effects  of  thruster  firings  should  be  observable  in  the  payload 
bay.  The  AFGL  mass  spectrometer  data  supports  this  conclusion 
having  observed  enhancements  of  exhaust  species  (l^O,  N^/CO,  and  Hj) 
after  certain  thruster  events  that  were  not  within  the  direct  field 
of  view.  Thruster  exhaust  effects  should  remain  a  large  source  of 
concern. 

2.  In  the  absence  of  thruster  events,  outgassing  within  the  bay  has 

-6  -4 

been  monitored  in  the  10  to  10  torr  range.  This  is  a 
sufficiently  high  pressure  that  a  contamination  molecule  after 
leaving  the  surface  of  the  Shuttle  has  a  large  probability  of 
colliding  with  another  contamination  molecule  before  it  escapes  to 
space.  The  mean  free  path  between  collisions  will  be  3  to  80  meters 
above  the  surface  as  the  pressure  at  the  surface  varies  from  10  ^  to 

_4 

10  torr.  The  above  calculations  assume  the  Shuttle  is  roughly 
spherical  with  a  10m  radius.  Under  these  conditions,  free  molecular 
flow  or  transition  flow  applies.  This  calculation  implies  that  con¬ 
tamination  from  one  site  (leak  or  experiment)  can  be  collisionally 
reflected  back  to  another  site  in  the  bay.  Again,  mass  spectrom¬ 
eters  have  observed  such  enhancements.  Contamination  of  your 


instrument  by  other  experiments  in  the  bay  is  a  potentially  serious 
problem.  Quantification  of  the  problem  will  be  difficult  and  will 
be  extremely  geometry  and  collision  interaction  specific.  Codes 
such  as  CONTAM  appear  to  be  largely  empirical  and  not  well 
documented. 

Assuming  that  contaminant-contaminant  collisions  did  not  occur,  the 
mean  free  paths  of  the  outgassed  molecule  before  it  is  struck  by  a 
"high  velocity"  ambient  0  or  Nj  is  400m  at  300  km  and  80m  at  240  km 
if  its  exit  velocity  is  thermal  (sonic  at  300  K).  Thus,  collisional 
excitation  of  outgassed  1^0  or  CO2  by  ambient  species  with  a  rela¬ 
tive  kinetic  energy  5  or  10  eV  could  give  rise  to  considerable 
emission.  Under  the  above  assumptions,  thruster  exhausts  at  higher 
velocity  can  travel  an  order  of  magnitude  further  before  colliding 
with  an  ambient  species. 

The  density  of  the  cloud  surrounding  Shuttle,  has  been  monitored  to 
cover  the  range  between  the  limits  where  few  incoming  ambient 
species  collide  with  contamination  molecules  and  mainly  interact 
with  the  surface  to  the  other  extreme  where  each  ambient  species 
undergoes  multiple  collisions  with  (and  excitations  of)  contaminant 
species.  Certainly  in  the  thruster  exhaust,  the  density  is 
sufficient  high  that  all  of  the  directed  kinetic  energy  of  incoming 
0  or  Nj  will  be  lost  to  collisions  with  exhaust  molecules.  In  fact, 
the  mass  spectrometer  results  indicate  that  a  nearby  thruster  event 
can  prevent  ambient  species  from  reaching  Shuttle  surfaces  -  the 
exhaust  cloud  moves  the  shock  front  (or  interface  between  con¬ 
tamination  and  ambient  species)  well  away  from  the  vicinity  of  the 
surface. 

12  2 

For  a  representative  column  density  of  10  molecules/cm  ,  colli¬ 
sional  excitation  of  a  state  which  can  radiatively  decay  leads  to 
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calculated  emission  intensities  of  ~  10  W/cm  sr  within  a  strong 


band.  This  intensity  is  comparable  to  the  entire  earth  limb 
emission  intensity  vithin  certain  bandpasses.  Both  near-field 
emission  and  the  earth  limb  radiances  are  very  structured  spectrally 
and  these  effects  should  be  calculated  more  carefully.  Neverthe¬ 
less,  they  are  of  concern. 

6.  Absorption  of  light  from  far-field  sources  by  the  local  con¬ 
tamination  cloud  is  estimated  to  be  completely  negligible  even  for 
resonant  absorption  of  1^0  and  CO2  emission.  Resonant  re-emission 
of  absorbed  airglov  or  earthshine  may  pose  significant  problems. 

Data  from  the  Imaging  Spectrometric  Observatory  should  provide 
insight  into  the  magnitude  of  the  resonance  fluorescence  emission 
from  near-field  species. 

These  conclusions  laid  the  basis  for  understanding  the  local  Shuttle-induced 
environment  in  which  the  particles  will  be  observed. 


3.  THE  PACS  DATA  -  PREPARATION,  ANALYSIS,  AND  MODEL  DEVELOPMENT 

During  1985  preparations  were  made  for  the  particulate  data  to  be 
acquired  by  the  PACS  experiment. 

The  nACS  payload  was  manifested  for  the  December  1985  Shuttle  mission. 

In  order  co  prepare  for  analysis  of  that  data,  we  visited  Stu  Clifton  of 
NASA/Marshall  after  the  Glow  Workshop.  Stu  was  kind  enough  to  spend  2  days 
going  through  his  experiences  with  stereo  camera  experiments  on  Shuttle,  show¬ 
ing  NASA/MSFC  digitization  and  analysis  capabilities  and  discussing  problems 
we  might  encounter  with  the  PACS  data  analysis. 

The  NASA  pair  of  stereo  cameras  (built  by  Epsilon)  are  part  of  the 
Induced  Environment  Contamination  Monitor  (IECM)  pallet  which  was  flown  on 
STS  2,  3,  4,  and  9  (Spacelab  1)  but  is  not  currently  planned  to  be  used  again. 
The  cameras  look  straight  out  of  the  bay  and  are  not  scanned.  They  are 
focused  at  infinite  distance,  are  separated  by  0.4m,  and  have  parallel  32-deg 
fields  of  view.  Mechanical  shutters  are  opened  for  0.8s  and  closed  for  0.2s. 

A  white  light  photometer  integrates  emission  within  the  field  of  view  until  an 
intensity  limit  is  reached  and  the  exposure  is  terminated.  The  mechanical 
shutter  can  open  many  times  during  the  exposure  and  thus  a  particle's  tra¬ 
jectory  can  be  captured  on  a  single  frame.  Looking  to  deep  space,  a  typical 
exposure  will  take  15s.  The  next  frame  exposure  starts  150s  later.  NASA  used 
kodak  XX  Negative  Type  7222  film  (400  ASA).  With  the  aid  of  two  stepping 
projectors,  we  looked  at  all  151  hr  worth  of  data  from  Spacelab  1  (3700  frame 
pairs).  This  took  6  hr  of  elapsed  time  just  to  look  at  and  comment  upon 
interesting  frames. 

3.1  GENERAL  OBSERVATIONS 

Two  airglow  layers  at  90  and  250  km  were  observable  on  many  frames.  They 
also  observed  an  aurora  (in  the  Southern  Hemisphere  South  of  Australia  at 
250W,  56S),  lightning,  structure  in  clouds,  a  satellite,  city  lights,  and 
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particles.  There  were  frames  when  the  reflected  particle  emission  was  as 
bright  as  city  lights  or  even  lightning,  demonstrating  the  serious  magnitude 
of  near-field  effects  on  remote  observations.  Of  the  3700  frame  pairs,  many 
were  completely  overexposed  by  sunlight  or  at  night  when  no  particle  reflected 
light  could  be  observed.  Scattered  light  from  the  baffles  was  a  problem,  even 
cabin  lights  may  have  affected  exposures.  During  periods  when  the  Shuttle  was 
in  a  stable  trajectory  and  no  maneuvers  were  attempted,  the  star  field 
remained  fixed  and  stable  for  up  to  30  min  (1/3  orbit).  Only  a  few  hundred 
frames  showed  evidence  of  particles.  During  a  water  dump  (which  could  last 
for  an  hour),  the  film  was  totally  overexposed.  Each  dump  had  a  different 
appearance.  Dumps  often  did  not  occur  when  scheduled.  After  a  dump  termi¬ 
nated,  the  particles  in  the  field  of  view  exponentially  decay,  with  an 
e-folding  time  of  5  min  and  a  return  to  baseline  levels  in  30  min.  The  Flash 
Evaporator  System  located  near  the  tail  operates  continuously  and  its  effluent 
can  be  reflected  up  over  the  bay  for  certain  orientations  of  the  wing  flaps. 
The  particle  concentration  in  the  FES  effluent  is  not  known  but  thought  to  be 
small . 

3.2  PARTICULAR  OBSERVATIONS 

1.  The  particles  are  irregularly  shaped  as  deduced  from  reflected  light 
variations  as  they  rapidly  tumble  in  their  trajectories.  Up  to  11 
alterations  in  intensity  (rotations?)  are  observed  per  second.  This 
raises  the  issue  of  angular  dependence  of  scattered  intensity  since 
the  particles  are  obviously  not  spherical. 

2.  The  particles  observed  were  not  spatially  resolved.  The  film 
exposure  area  was  the  grain  size  or  the  blur  circle  and  not  the 
focused  image  of  the  particle.  Thus,  the  stereo  cameras  were  needed 
to  determine  the  size/distance  relationship.  One  exception  occurred 
at  the  end  of  the  mission.  At  hour  150  on-orbit,  a  hugh  particle  (on 
the  order  of  cm  diameter)  was  observed  to  move  slowly  across  the 


field  of  view.  It  had  a  visible  diameter  and  could  be  used  to 
determine  particle  emissivity  based  on  its  known  size  and  distance. 

3.  When  water  dumps  terminate  at  night,  there  is  often  a  rise  in 
particle  count  after  the  Shuttle  moves  into  the  sunlight.  Particles 
may  adhere  to  surfaces  after  a  dump  and  be  disturbed  by  thermal 
gradients  upon  sunrise  to  escape  off  surfaces. 

4.  Groups  of  particles  are  observed  to  move  in  the  same  general 
direction  (as  if  from  a  common  source),  but  there  is  an  angular 
distribution  around  the  mean  direction.  There  is  no  apparent 
relationship  of  particle  size  and  velocity.  There  are  often  two 
fields  of  particles  observed  in  a  frame.  Each  has  a  different  net 
velocity  direction.  For  example,  there  were  several  frames  where  the 
near  set  of  particles  was  moving  in  one  direction,  while  the  far 
field  set  was  moving  at  right  angles  to  that  direction. 

5.  Payload  bay  operations  (such  as  RHS  arm  movements,  EVAs,  or  bay  door 
movements)  tend  to  shake  particles  loose.  These  particles  are  very 
close  to  the  cameras. 

The  decision  to  use  a  single  camera  or  pair  of  cameras  in  a  stereo 
configuration  involves  tradeoffs.  For  their  IECM  payload,  NASA  considered 
using  a  single  camera  to  determine  particle  sizes,  ranges,  and  angular 
velocities  based  on  analysis.  They  selected  the  more  complex  (and  heavier) 
stereo  camera  pair  because  of  the  limitations  and  assumptions  which  must 
result  from  the  monoscopic  analysis. 

Stereoscopic  information  from  a  pair  of  coaligned  cameras  permits  greater 
accuracy  ranging  directly  from  the  film  images.  Each  camera  can  place  bounds 
on  range  based  on  geometric  optics  arguments.  Triangulation  provides  an 
extremely  precise  (3  percent)  range  determination.  Moreover,  when  larger 
particles  with  a  visible  disk  are  observed  (and  many  have  been  observed),  the 


scattering  efficiency  can  be  found  based  on  the  stereo-determinated  range  and 
absolute  irradiance.  This  will  provide  insight  into  particle  composition. 

The  analysis  of  single  camera  film  data  can  be  pushed  to  attempt  to 
determine  particle  size  and  range.  It  is  always  desirable  to  get  the  most 
information  from  the  data,  however  all  the  uncertainties  must  be  carefully 
stated.  The  cameras  are  focused  at  infinity,  a  particle  at  infinity  would 
still  have  a  blurred  image  on  the  film  due  to  film  granularity.  Within  the 
hyperfocal  distance,  however,  even  a  point  source  particle  will  create  a 
larger  blur  circle  as  its  image  is  focused  behind  the  film  plane.  However, 
because  the  particle  has  a  physical  size,  it  will  have  a  finite  size  image 
adding  to  the  blur  circle  size.  Thus  a  unique  solution  for  particle  size  and 
range  is  not  obtained:  a  small  particle  near  the  camera  will  appear  the  same 
on  film  as  a  much  larger  particle  farther  away.  There  are  insufficient 
measured  quantities  to  specify  particle  size  and  range  absolutely,  a  family  of 
solutions  exist.  Moreover,  any  changes  in  film  plane  positioning  and  uni¬ 
formity  (planarity)  will  lead  to  errors  in  range  and  size  calculated.  Even 
micron  size  changes  in  the  film  plane  position  will  lead  to  substantial 
errors.  Basing  a  size  determination  upon  irradiance  value  (no  matter  how 
carefully  determined)  relies  too  heavily  upon  assumed  scattering  efficiencies 
which  are  a  function  of  shape,  size,  composition,  and  viewing/illumination 
geometry.  A  direct  reflection  glint  from  a  surface  irregularity  could  give 
rise  to  order  of  magnitude  changes  in  the  size  determined. 

The  IECM  investigators  at  NASA/Marshall  found  it  difficult  to  obtain 
ephermeris  data  (mission  trajectories,  line  of  sights,  attitudes,  wind 
vectors,  etc.)  for  some  months  after  the  mission.  This  could  seriously  hamper 
the  PACS  analysis.  Selecting  interesting  frame  sequences  will  be  easy. 
Detailed  analysis  will  be  much  more  difficult.  We  planned  to  align  frame 
pairs  using  star  images,  and  began  algorithm  development. 


Prior  to  October  1985,  PSI  and  its  subcontractors  had  some  involvement 
with  the  PACS  cameras.  (Under  a  separate  contract  EPSILON  had  assembled  the 
camera  pair  and  designed,  fabricated,  and  tested  the  probe  assembly.)  As  part 
of  this  contract,  we  suggested  the  best  tilt  angle  (5  deg)  between  the  cameras 
to  optimize  stereo  coverage  in  the  observable  near-field  region;  we  recom¬ 
mended  a  75  ft  focal  point  as  the  best  compromise  between  sensitivity  to 
near-field  particles  and  loss  of  the  star  field  which  is  useful  for  pointing; 
we  recommended  against  push  processing  the  already  grainy  Kodak  2484  film 
beyond  ASA2000;  we  recommended  that  additional  fiduciary  marks  on  the  film  be 
adapted  to  increase  interframe  relative  position  determination;  and  finally  we 
mapped  out  the  near-field  threshold  sizes  as  being  (depending  on  lateral 
velocity)  particles  greater  than  25  pm  in  diameter. 

Dave  Bunnell  of  Utah  State  University  was  tasked  with  final  integration, 
testing  and  delivery,  of  the  PACS  cameras.  At  this  request,  PSI  suggested  a 
few  quick  tests  to  determine  sensitivities  of  the  cameras.  It  was  suggested 
that  he  drop  uniform  size  particles  into  his  field  of  view  -  salt  (300  pm 
diameter)  and  talcum  power  (40  pm)  were  suggested.  Due  to  background  bright¬ 
ness  in  his  laboratory,  these  particles  were  not  observable.  Dave  Bunnell  was 
able  to  photograph  several  strings  and  objects  in  the  laboratory.  EKTRON  has 
used  these  frames  of  film  to  become  familiar  with  the  future  16  mm  data  images 
in  terms  of  image  quality,  fiducials,  frame  boundaries,  image  pairs,  and 
digitization.  No  real  calibration  was  performed.  A  post-flight  calibration 
would  have  been  useful  in  understanding  the  on-orbit  data. 


The  first  roundtable  PACS  data  analysis  meeting  was  held  on 
1  November  1985  at  AFGL/PHK.  PSI  presented  several  viewgraphs  detailing  the 
analysis  plan  and  key  parameters.  These  are  summarized  in  Table  2.  The  film 
exposure  sequence  is  given  in  Table  3.  Key  information  to  assist  in  the 
analysis  of  the  data  was  provided  by  the  detailed  Mie  scattering  calculations. 
The  signal  levels  expected  for  different  size  particles  as  a  function  of 
illumination  conditions,  solar  scattering  angle,  and  particle  size  for  1^0 
particulates  were  calculated  to  assist  in  data  analysis  planning.  The 
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TABLE  2.  Data  Analysis  Plan 


1.  Preparation 

-  Algorithms  for  fov  geometry  (camera,  tilt,  stereo  coverage) 
(EKTRON/PSI) 

-  Particle  radiance  predictions  (r^,  X,  r\,  illumination  (PSI)) 

2.  Data  Reduction  (LS/Aerospace) 

-  ASA  2000  processing 

-  Ephemeris,  who  else  on  mission 

-  Mission  profile 

3.  Typical  Data 

-  NASA/MSFC  pictures 

-  Dump  clearing 

-  Number  particles  versus  MET 

4.  Visual  Inspection  (PSI/EKTRON/Miranda/AFGL) 

Identify  critical/interesting  frame  pairs  -75X  no  visible  particles 

-  Tests 

•  Stars  versus  particles 

•  Close  (PLBOps )  versus  far  limits  (bright/weak) 

-  Comparisons  existing  data 
■  Decay  after  water  dump 

•  Statistics  versus  mission  elapsed  time 

•  Attitude  dependence 

-  Interesting  cases 

Particle  groups,  different  velocity  vectors 

•  Rotations/flakes 

•  Evolution  night/day  (thermal) 

5.  Particulate  trajectory  analysis 

-  (EKTRON/PSI /Miranda)  X,  Y,  Z,  V  ,  V  ,  V  ,  brightness,  r 

-  Benefits:  x  y  z  p 

Sources 

Magnitude  of  problem 
Size  distribution 
Emission  other  spectral  regions 
Acceptable  mission  operating  conditions 

6.  Future  Measurements 

Chopping  shutter  arrangement  -  increase  information  trajectories 

-  Detection  wavelength  refractive  index  (T  ) 

Polarization  shape,  size  ** 

-  Radiometers 


TABLE  3.  PACS  Film  Exposure  Sequence 


t 


Frame 

T  (s) 

open 

Tclose(s> 

1 

0.0 

0.3 

2 

1.0 

1.3 

3 

2.0 

3.0* 

4 

4.0 

6.5 

5 

120.0 

120.3 

*  repeat 

1-4,  5-9,  ••• 

Strobe  flash  at  start  and  end  of  this 
exposure 
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detailed  calculations  and  interesting  conclusions  are  presented  in  Appendix  I. 
Predictions  are  also  presented  there  for  the  emission  intensities  in  other 
spectral  bandpasses  from  the  ultraviolet  to  the  infrared. 


As  a  result  of  this  meeting,  a  subcontract  was  let  to  EKTRON  by  PSI  to 
develop  a  film  reduction  methodology.  It  was  decided  that  a  quick-look  report 
would  be  due  at  AFGL  5  months  after  receipt  of  film. 


This  same  group  met  on  17  December  1985  at  EKTRON.  EKTRON  presented 
their  geometry  model  and  error  budget  analysis.  The  uncertainty  in  the  focal 
length  was  found  to  be  the  major  source  of  error.  This  value  should  be  deter¬ 
mined  in  post-flight  calibrations.  Film  plane  displacement  will  also  be  a 
substantial  source  of  error.  (The  tightly  focused  image  requires  knowledge  of 
film  location  beyond  lens  manufacturer's  specifications.)  The  angular  orienta 
tion  of  the  PACS  experiment  within  the  bay  will  also  be  uncertain  due  to 
Shuttle  torsional  motion.  This  error  budget  has  proved  useful  in  specifying 
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the  parameters  which  must  be  most  closely  measured;  EKTRON  performed  this  task 
well.  The  viewgraphs  they  presented  are  given  as  Appendix  J.  Ve  recommended 
that  the  PACS  experiment  should  be  made  available  to  AFGL  for  post-flight  cali¬ 
bration.  A  meeting  to  review  the  PACS  film  data  was  planned  for  approximately 
1  month  after  receipt  of  film.  At  this  meeting  all  those  involved  with  the 
program  were  to  have  the  opportunity  to  see  and  suggest  useful  tactics  for 
analyzing  the  data. 

Space  Transportation  System  Mission  61C  was  originally  scheduled  for 
launch  on  18  December  1986.  Due  to  poor  visibility,  rain,  and  mechanical 
delays,  it  was  postponed  until  January  1986. 

Shuttle  Mission  STS61C  lifted  off  at  6:55  a.m.  on  12  January  1986. 

D.  Green  and  M.  Ahmadjian  (LSP)  arrived  at  the  Hitchhiker  G  Command  Center  at 
Goddard  Space  Flight  Center  shortly  after  the  payload  was  turned  on.  This 
occurred  at  0:03:30:12  (day:hour:minute:second)  Mission  Elapsed  Time  (MET). 
Although  downlink  data  was  sporadic  at  first,  there  was  some  indication  of 
trouble.  The  downlink  shutter  monitor  on  Camera  1  was  observed  to  operate  at 
first,  but  ceased  to  operate  before  6  hr  MET.  There  was  no  similar  monitor  on 
Camera  2.  Current  was  being  drawn  by  the  experiment  and  the  flash  was 
visually  observed  by  the  astronauts.  After  considerable  real-time  agonizing, 
it  was  decided  to  shut  down  PACS  (at  1:03:26:10),  then  restart  it  a  few 
minutes  later  (at  1:03:28:58>.  No  change  in  its  status  was  observed  after 
this  procedure,  the  monitor  indicated  no  shutter  action,  the  flash  was 
visually  observed.  Nothing  further  could  be  attempted,  so  for  the  rest  of  the 
mission  supporting  data  was  gathered  hoping  the  cameras  were  operational.  Due 
to  poor  visibility  at  the  prime  landing  site  (Kennedy  Space  Center),  two  addi¬ 
tional  days  were  gained  on-orbit.  PACS  and  the  entire  Hitchhiker  G  pallet  was 
turned  off  before  the  payload  bay  doors  were  closed  in  preparation  to  landing 
each  morning.  The  PACS  experiment  was  off  for  periods  of  6:38  and  7:56  on  the 
two  mornings.  Even  though  the  temperature  monitors  on  PACS  indicated 
2°  to  3°C  temperatures,  no  trouble  was  encountered  restarting  the  camera  and 
strobe.  Prior  to  the  first  landing  attempt,  a  K  band  antenna  was  stowed  in 


the  cargo  bay.  It  was  not  deployed  again.  In  the  stowed  position,  it  appears 
to  have  partially  obscured  the  field  of  view  of  Camera  2.  The  light  from  the 
strobe  was  strongly  reflected  off  the  stowed  antenna.  The  strobe  was  disabled 
(much  to  the  crew's  relief,  the  scattered  light  was  bothering  them).  The 
field  of  view  of  Camera  1  was  probably  totally  obstructed  by  the  antenna. 

This  was  an  unfortunate  choice  of  payload  positioning.  Post-flight  inspection 
revealed  that  the  film  in  Camera  1  had  been  improperly  loaded  causing  the 
camera  to  jam.  The  other  camera  acquired  in  excess  of  350  ft  of  film  during 
the  6-day  mission. 

During  the  mission  we  gathered  detailed  information  on  Shuttle  attitudes, 
solar  angles,  and  mission  operations.  NASA  personnel  were  extremely  helpful 
in  advising  and  assisting  in  the  gathering  of  these  data.  Difficulties 
experienced  by  previous  investigators  in  getting  useful  ancillary  data 
prompted  us  to  bring  back  as  much  real-time  information  as  possible.  This 
information  was  valuable  defining  the  exact  orbital  scenarios  for  many  sets  of 
exposures.  A  modified  example  of  the  Shuttle  Ground  System  output  provided  by 
GSFC  is  shown  in  Figure  1.  Three  views  of  the  Shuttle  are  notated  with  earth, 


Figure  1.  Shuttle  ground  system  attitude  display.  V  is  velocity 
vector,  S  is  sun  sector,  and  E  is  center  of  earth 
vector.  Solid  angle  subtended  by  earth  is  indicated 
as  PACS  field  of  view. 
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sun,  and  velocity  vectors.  This  information  was  updated  four  times  a  minute. 
The  angle  subtended  by  the  earth  and  the  PACS  field  of  view  are  also  indicated 
in  the  figure.  With  this  figure,  viewing  geometries  can  be  more  easily  visual¬ 
ized.  After  the  mission,  Mark  Ahmadjian  was  extremely  helpful  in  obtaining 
data  on  fuel  cell  purges,  ventings,  and  water  dumps.  As  this  was  the  first 
flight  of  Columbia  in  2  years  and  there  had  been  severe  rains  during  the  week 
before  the  flight,  the  particle  environment  around  Shuttle  was  expected  to  be 
severe. 

The  original  film  from  Camera  2  was  delivered  to  PSI  by  G.  Kenneth  Yates 
on  3  February  1986.  Mark  Ahmadjian  had  taken  the  film  from  Kennedy  to 
Aerospace  Corporation  for  development  and  finally  to  AFGL,  where  he  turned  it 
over  the  PHK.  With  the  assistance  of  Ken,  we  decoded  the  time  code  beside 
each  negative  film  frame.  The  sets  of  four  exposures  comprising  a  6.5s 
sequence  were  partitioned  into  various  categories  upon  visual  inspection. 

Most  of  the  exposures  showed  no  evidence  of  particles  and  contained  either 
stars  or  the  earth.  Usually  more  than  a  dozen  stars  were  visible  in  an 
extended  exposure  and  several  constellations  have  been  identified.  Earth  limb 
views  and  airglow  layers  were  frequently  observed.  City  lights  were  also 
frequently  observed  and  are  being  correlated  with  ground  track  information  to 
increase  our  confidence  of  our  understanding  of  the  real  Shuttle  attitudes. 

On  average  there  were,  however,  several  sets  of  exposures  during  each 
orbit  which  displayed  particles.  Subsequent  analysis  indicates  that  the 
near-field  particles  are  illuminated  by  the  sun  only  under  certain  attitude 
configurations,  and  that  these  are  the  frames  in  which  particles  are  evident. 
Thus,  particles  may  be  present  often  during  the  orbit  but  are  not  visible  due 
to  the  lack  of  proper  illumination.  This  certainly  will  not  be  the  case  in 
the  infrared  spectral  region  where  self-emission,  not  solar  scattering,  con¬ 
trols  particle  radiances.  There  are  a  few  sets  of  frames  which  contain  a 
large  number  (>  100)  of  particles.  These  have  been  correlated  with  a 
satellite  launch  (RCA  K^  band  satellite  deployment  at  0:09:31)  and  water 
dumps.  Many  tracks  of  non-spherical  particles  have  been  observed  including  a 


large  triangular  mass  and  apparently  rapidly  rotating  particles  whose 
intensity  oscillates  more  than  ten  periods  during  a  2.5s  exposure.  There  is  a 
general  trend  of  fewer  particles  with  elapsed  MET,  suggesting  a  decrease  in 
particle  ejection  rate  as  the  Shuttle  surfaces  free  themselves  of  any 
particles  they  collected  on  the  ground.  Our  catalogue  of  the  entire  PACS 
mission  data  base  is  Appendix  K  to  this  report.  It  categorizes  3697  sets  of 
exposures  (14788  frames  of  film  data)  and  represents  a  considerable  effort. 
Mission  Elapsed  Time,  orbit,  and  visual  observations  are  also  listed.  The 
sets  of  exposures  were  correlated  with  altitudes,  solar  angles,  and  mission 
events.  The  catalogue  represents  a  solid  foundation  upon  which  we  can  build  a 
careful  detailed  understanding  of  the  STS61C  Mission's  environment.  Some 
observations  are  quite  striking  such  as  the  frames  containing  backlit, 
solar-illuminated  particles  rivaling  the  brightness  of  the  city  lights  of  the 
Florida  peninsula. 

A  data  review  meeting  was  held  at  PSI  on  3  March  1986.  Messrs.  Gold, 
Jumper,  Miranda,  Murad,  Pike,  and  Yates  were  present  in  addition  to  PSI 
personnel.  At  that  meeting  it  became  apparent  that  significant  insight  can  be 
gained  into  the  on-orbit  environment  even  without  the  Camera  1  film  data. 
Particle  positions,  velocity,  and  hence  size  will  be  difficult  (if  not 
impossible)  to  extract  from  the  data.  Radiant  intensity,  track  foreshortening 
and  blur  circle  size  comparisons,  however,  will  permit  estimates  to  be  made  in 
the  future  of  the  magnitude  of  the  contamination  source  and  its  impact  on 
remote  sensing  from  the  Shuttle.  The  gross  characterization  of  the  particle 
densities  will  be  useful  in  defining  exposure  sequences  on  future  missions. 

Priorities  were  defined  at  the  3  March  meeting. 

Quick-look  data  report  for  CIRRIS  mission  needs:  A  description  of 
general  findings  and  highlighted  interesting  frames  was  presented  on 
27  June  1986.  Specifically,  observations  during  the  requested  deep 
space  viewing  and  gravity  gradient  orbits  during  hours  50-53  MET 
were  examined  in  detail. 


These  observations  were  placed  in  the  context  of  relevant  scenarios 
as  part  of  that  briefing. 


The  lessons  learned  and  what  can  be  extracted  from  the  data  were 
summarized  there  also. 

A  consideration  of  how  to  improve  future  data  such  as  more  frames 
per  set  of  exposures,  a  different  focal  point,  better  fiducial 
marks,  or  a  better  film  plane  definition  was  formulated. 


•  We  recommended  actions  to  improve  our  chances  of  success  in  future 
missions. 

Responsibilities  for  the  continuing  data  analysis  were  also  assigned  at 
the  March  1986  meeting.  EKTRON  was  provided  with  the  original  film  data. 

They  established  a  gray  scale  for  the  film  so  that  particle  exposures  can  be 
quantitatively  compared  to  stars.  Also,  they  developed  background  subtraction 
algorithms  to  extract  particles  from  the  strongly  exposed  (nearly  black)  film 
frames.  Particle  scattering  is  peaked  in  the  forward  lobe,  so  this  geometry 
permitted  smaller  particles  to  be  detected.  EKTRON  also  digitized  a  few 
selected  densely  populated  frames  to  estimate  the  number  of  particles  present. 
They  demonstrated  that  filter  operations  could  extract  particles  from  over¬ 
exposed  frames  and  enhance  detection  limits  by  a  factor  of  two  to  five.  Their 
excellent  final  report  is  attached  at  Appendix  L.  Considerably  more  infor¬ 
mation  can  be  extracted  from  the  existing  PACS  data  base  by  future  analysis 
efforts.  PSI  continued  with  the  mission  timeline  development  correlating  PACS 
data  with  mission  attitude,  solar  angles,  and  events.  We  also  determined  the 
temporal  dependence  of  the  particle  densities  during  selected  time  sequences 
such  as  solar  inertial  or  for  CIRRIS  relevant  observations. 

The  quick-look  data  briefing  report  to  the  CIRRIS  mission  staff  occurred 
on  27  June  1986.  That  presentation  is  included  as  Appendix  N.  The  key  points 
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are  summarized  here.  The  PACS  film  data  clearly  indicates  that  the  solar 
illumination  angle  is  the  key  parameter.  Ve  suspect  particles  vere  often 
present  but  we  were  able  to  observe  them  only  under  proper  illumination  con¬ 
ditions.  At  terminator  crossings  (when  illumination  conditions  were  reason¬ 
ably  good),  particles  were  observed  about  one-third  of  the  time  within  the 
17  x  24  deg  field  of  view  of  the  PACS  cameras.  Particles  were  observed:  when 
all  activity  was  suppressed,  after  maneuvering,  after  payload  bay  door  oper¬ 
ations,  during  the  preparations  for  a  satellite  launch,  during  and  after  water 
dumps,  and  after  sunrise.  During  active  events  such  as  dumps  and  the  satel¬ 
lite  launch,  the  particle  trajectories  observed  extrapolated  back  to  the 
vicinity  to  the  source.  Atmospheric  drag  accelerations  only  slightly  perturb 
the  trajectories  of  detected  particles  during  these  events.  Only  a  few 
particles  were  detected  by  the  strobe  illumination.  This  indicates  that  the 
particles  were  nearly  always  beyond  2m  from  the  cameras.  It  also  appears  that 
particles  are  often  very  asymmetric  offering  different  geometrical  areas  to 
the  cameras  at  an  angular  rate  of  up  to  20  per  second.  Particles  with 
trajectories  from  every  direction  were  observed.  The  PACS  results  are 
encouraging  in  that  there  may  be  quiescent  times  when  the  optical  environment 
it  quite  clean.  Unfortunately  there  are  many  times  when  it  is  not. 

The  larger  IECM  data  base  shows  many  of  the  same  trends  observed  in  the 
PACS  data.  The  PACS  data  was  more  carefully  analyzed  to  determine  the  time 
evolution  of  events  such  as  sunrises  and  water  dumps.  The  partial  analysis  of 
the  PACS  data  has  shown  that  the  camera  equipment  and  experiment  philosophy 
were  excellent  and  that  additional  data  taken  with  the  same  instrument  with 
stereoscopic  imagery  would  provide  useful  trajectory  and  size  data  of  partic¬ 
ulates  surrounding  the  Shuttle  bay  associated  with  events.  For  example, 
during  a  water  dump  when  particles  are  known  to  be  mainly  1^0  in  composition, 
we  can  use  the  stereo  camera  to  obtain  absolute  sizes  and  distances  using 
particle  emissivities/scattering  efficiencies  taken  from  our  Mie  calculations. 
For  particles  exhibiting  finite  size  on  the  film,  accurate  verification  of  the 
scattering  efficiency  can  be  made  from  the  known  size  and  distance. 


In  order  to  place  the  PACS  data  in  perspective,  the  orbital  particulate 
data  base  was  reviewed  at  the  end  of  the  contractual  effort.  Our  summary  of 
the  pre-PACS  state  of  knowledge  is  summarized  in  Appendix  N:  The  Particle 
Environment  On  Orbit  -  Observations,  Calculations,  and  Implications.  Our 
current  understanding  of  the  orbital  particulate  data  base  based  on  all 
orbital  data  but  highlighting  the  important  findings  of  the  PACS  Mission  are 
described  in  Appendix  0:  The  Particulate  Environment  Around  the  Shuttle  as 
Determined  by  the  PACS  Experiment. 

The  findings  of  the  orbital  data  bases  were  used  to  develop  a  particulate 
model  for  the  Shuttle  environment.  This  model  is  presented  in  Table  4.  It  is 
meant  to  guide  the  development  of  future  mission/scenario  specific  models  for 
Air  Force  missions. 

Although  further  analysis  of  the  PACS  data  will  yield  much  additional 
information  and  insight  into  the  induced  environment  on-orbit,  a  number  of 
significant  insights  into  the  sunrise  generation  of  particles,  irradiance 
levels,  particle  occurrence  and  clearing  times  have  come  from  the  PACS  data. 
This  data  was  analyzed  in  a  timely  manner  with  its  conclusions  reaching 
sponsors  and  the  scientific  community  before  camera  data  from  missions  flow 
years  earlier. 

Finally,  it  should  be  stressed  that  IECM,  PACS,  and  previous  camera 
observations  only  provide  information  during  sunlit  portions  of  the  orbit  in 
the  visible  spectral  region  where  scattering  dominates.  Observations  of 
infrared  particle  emissions  through  the  entire  orbital  period  are  needed  to 
assess  the  impact  of  particles  on  Air  Force  systems.  A  re-flight  should  be 
aimed  at  addressing  these  uncertainties  not  merely  repeating  previous 
observations. 
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Clearing  Time:  Decay  (e-fold) 

-  Quiescent  (constant  solar  angle) 

(total  mission  after  day  1) 


-  Dump 
Density: 


Composition: 


Size: 


(altitude  dependent) 


Quiescent  (r  >  40  pm,  distance  <  100m) 
(CRDG  -1.5  x  10“^  sr  fov) 


optical  attenuation 
unknown 

(source  dependent) 
unknown 

(source  dependent) 


4.8  hr 
11  days 

2  to  10  min 


8  particles/sr-s 
2/3  particles/orbit 


Suggest  H2O,  Si02,  NaCl 


Suggest  r-3/2  (r  _  2-40  pm) 

r“l  (r  =  40  pm  -  1  cm) 


Quiescent 


Event 


observed 


unknown 


unknown 

(source  dependent) 


Additional  Effects: 


-  Rotations 


Solar-induced  component 


27/28 


0.3  to  3  m/s  range 

Suggest  proportional  to 
distance  from  shuttle  (drag) 

Suggest  initial  velocity 
plus  drag 


0  to  20  rps 

100  particles/sr 
10  min  duration 
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ABSTRACT 


This  review  covers  selected  Shuttle-environment  phenomena  that  will  im¬ 
pact  planning  for  future  observations  from  the  Shuttle  platform:  the  gas/ 
plasma  and  particulate  local  concentrations  and  the  Shuttle  glow  processes. 

The  gaseous  envelope  which  surrounds  Shuttle  is  dominantly  water  vapor. 

Neutral  and  ionic  concentrations  exhibit  extreme  variability  with  factors  such 
as  angle  of  attach,  thruster  events,  and  water  dumps.  At  a  minimum,  part  of 
the  differences  between  various  experimenters'  observations  can  be  attributed 
to  instrumental  differences  and  atmospheric  variabilities.  Although  some  ob¬ 
servations  indicate  the  presence  of  very  large  particulates  around  the  Shut¬ 
tle,  that  environment  appears  to  be  clean  enough  for  many  applications,  but 
may  compromise  the  most  sensitive  Instruments.  Several  possible  mechanisms 
for  vehicle  glows  are  considered.  It  is  clear  that  a  full  evaluation  of  the 
nature  and  impact  of  the  glows  must  await  more  quantitative  experiments.  The 
Shuttle  environment  is  hospitable  for  many  applications,  and  the  ultimate 
limitations  on  our  ability  to  probe  from  this  orbital  platform  remain  to  be 


tested. 


INTRODUCTION 


The  growing  number  of  Space  Shuttle  missions  has  presented  the  aero¬ 
space  community  with  an  unprecedented  body  of  data  on  the  Shuttle  environment 
itself,  as  well  as  new  data  -  on  astrophysical  domains  far  from  earth.  This 
paper  focuses  attention  on  selected  Shuttle-environmental  phenomena  that  may 
impact  plans  for  future  observations  from  the  Shuttle  platform.  In  this  review 
we  will  compare  and  contrast  data  from  STS  2-4  which  have  recently  become 
available.  These  data  have  all  been  presented  previously  although  largely  not 
in  the  open  literature. 

Among  the  many  environmental  factors  that  will  interest  users  of  the 
Shuttle,  we  have  selected  three  that  must  be  reckoned  with  for  a  broad  range  of 
instruments  and  measurements: 

-  Gases 

-  Particulates 

-  Vehicle  glows 

We  leave  aside  other  issues  such  as  mechanical  structure,  vibroacoustics, 
thermal  excursions,  electromagnetic  interference,  and  materials  degradation; 
the  first  three  of  these  appear  to  be  well  understood  at  this  time,  and  the 
last  two  are  active  research  areas. 

Gases,  such  as  H2O,  surrounding  the  Shuttle  can  potentially  absorb 
light  from  astronomical  sources  giving  false,  partially  attenuated  spectra  (UV, 
visible,  IR) ,  and  can  contaminate  those  types  of  particle/optical  detectors 
that  are  open  to  the  vacuum.  Particulate  matter  can  settle  out  on  optical  sur¬ 
faces,  reducing  their  transmission,  and  can  scatter  unwanted  light  from  the  sun 
or  the  earth  into  the  line  of  sight  of  a  telescope.  Vehicle  glows  may  stand  in 
the  way  of  a  telescopic  line  of  sight,  adding  spurious  signals  and  limiting  the 
sensitivity  of  astronomical  or  earth  observations. 
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While  a  great  deal  of  attention 1  has  been  given  to  the  Shuttle  envi¬ 
ronmental  parameters  as  potential  problems  for  Shuttle  users,  we  wish  to  stress 
that  so  many  of  the  original  requirements  on  the  Shuttle  have  been  met  that 
perhaps  undue  emphasis  can  now  be  seen  to  have  been  given  to  these  "problem 
areas".  This  emphasis  may  have  been  strong  enough  as  to  make  it  hard  for  users 
to  know,  £  priori ,  that  the  Shuttle  is  in  fact  a  working  spaceship  ready  to 
convey  many  successful  instruments  into  space  over  the  years  ahead. 

What  is  important  now  for  users  of  the  Shuttle  is  ( 1 )  to  have  a  candid 
and  complete  description  of  the  environment  in  the  payload  bay  on-orbit,  con¬ 
troversies  notwithstanding,  and  (2)  to  make  sure  that  the  Shuttle  environment 
is  not  only  consistent  with  any  given  set  of  measuring  instruments  but  also 
steadily  improves  with  successive  launches.  In  an  effort  in  this  direction 
Scialdone  has  recently2  presented  a  baseline  model  for  the  gaseous  and  parti¬ 
culate  environment  of  the  Shuttle  bay.  The  developing  Shuttle  bay  data  base 
provides  both  a  test  bed  for  such  models  and  a  means  for  extending  them. 

In  this  paper  we  concentrate  on  the  data  (and  interpretation  thereof) 
from  various  early  STS  flights,  as  regards  the  gaseous  envelope  surrounding  the 
Shuttle,  the  particle  populations  in  orbit  with  the  Shuttle,  and  the  optical 
interferences  from  local  (rather  than  astronomical )  sources.  It  seems  that 
many  design  goals  for  the  on-orbit  environment  have  been  met.  On  the  other 
hand,  the  environment  is  very  variable,  depending  on  angle  of  attack,  thruster 
events,  water  dumps,  solar  angle,  and  payload  bay  activities.  We  will  attempt 
to  highlight  the  role  of  these  effects  whenever  possible. 
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GASEOUS/PLASMA  ENVIRONMENT  AROUND  THE  SPACE  SHUTTLE 


Several  different  instruments  have  been  used  to  sample  the  on-orbit  neu¬ 
tral/ionic  gas  composition  in  the  Shuttle  payload  bay.  These  include:  a  neu¬ 
tral  mass  spectrometer3,  which  was  part  of  the  Induced  Environment  Contamination 
Monitor  (IECM);  a  Bennett  RF  ion  mass  spectrometer, 4  which  was  part  of  the  Plas¬ 
ma  Diagnostics  Package  (PDP)  on  STS-3;  and  a  fast  sampling  quadrupole  mass  spec¬ 
trometer  5  used  in  both  ion  and  neutral  sampling  modes  on  STS-4.  These  devices 
were  backed  up  with  additional  diagnostics  such  as  pressure  monitors  and  elec¬ 
tron  density  probes  (see  for  example  Ref.  6).  In  general  the  Shuttle  contami¬ 
nants  were  apparently  no  more  severe  than  anticipated^ ;  however,  very  large  var¬ 
iations  in  species/densities  are  observed  during  the  course  of  flight,  most  of 
which  can  be  related  to  either  orbital  considerations,  i.e.  angle  of  attack, 
solar  attitude,  spin  (etc.)  or  Shuttle  events  such  as  engine  firings,  water 
dumps  and  bay  door  operation.  While  a  sampling  of  the  available  data  base  has 
appeared  in  Refs.  3-5,  no  detailed  comparison  or  interpretation  of  the  results 
has  yet  been  presented.  A  brief  overview  of  these  results  is  provided  below. 

The  Natural  Atmosphere 

These  composition  measurements  must  be  interpreted  in  light  of  the  nat¬ 
ural  atmospheric  constituents  in  order  to  separate  the  Shuttle-induced  compo¬ 
nent.  Shuttle  missions  2,  3  and  4  which  we  consider  here  had  on-orbit  altitudes 
of  240-300  km.  Both  higher  and  lower  altitude  orbits  have  been  achieved  during 
later  missions.  At  these  altitudes  atmospheric  densities  are  on  the  order  of 
109  particles/cm3.  Representative  atmospheric  compositions7  at  altitudes  of 
240  and  305  km  are  given  in  Table  1.  Atomic  oxygen  is  the  dominant  constituent. 


B 


ZS 


although  N2,  O2  and  He  are  present  in  significant  quantities.  At  these 
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altitudes  the  atmospheric  kinetic  temperature  is  comparable  to  the  exospheric 
value  and  ranges  between  800-2000  K.  This  tenuous  atmosphere  has  a  collisional 
mean  free  path  of  about  a  kilometer.  The  dominant  characteristic  of  the  atmos¬ 
phere  at  these  altitudes  is  its  variability.  Even  the  most  simplistic  treatment 
of  the  atmosphere  must  consider  its  dependence  on  diurnal,  latitudinal  and  solar 
activity  effects.  The  ionosphere  is  a  multiconstituent  plasma  whose  behavior  is 
linked  with  that  of  the  neutral  atmosphere  through  solar  ionizing  radiations, 
and  with  electrodynamic  influences  of  the  magnetosphere.  Shuttle  missions  occur 
in  the  midst  of  the  F2  region,  which  is  the  ionospheric  layer  having  the  highest 
plasma  density,  up  to  10®  ions/cm®.  The  dominant  ion  is  0+  produced  from  ab¬ 
sorption  of  solar  UV  ionizing  radiation;  on  the  order  of  0.1%  of  the  0-atoms  are 
ionized.  The  ionosphere  exhibits  even  more  extreme  variability  than  the  neutral 
atmosphere,  with  the  F2  peak  generally  being  at  lower  altitudes  during  the  day, 
higher  at  night.  It  is  within  this  very  variable  natural  environment  that  the 
Shuttle  operates.  Thus  it  is  obvious  that  care  must  be  taken  in  generalizing 
any  specific  observational  finding. 

The  Shuttle  will  perturb  this  natural  environment  both  by  its  flow  field 
and  its  emissions:  leakage,  evaporation,  outgassing,  desorption,  and  orbital 
control  thrusters. 

The  orbiter  carries  a  vernier  thruster  system  of  six  rockets  which  pro¬ 
vide  1.1  x  107  Newtons  of  thrust  and  a  reaction  control  system  consisting  of  38 
main  thrusters  which  can  produce  up  to  3.8  x  10®  Newtons  each.  All  these  hyper- 
golic  engines  utilize  monomethylhydrazine  (MMH)  as  fuel  and  N2O4  as  oxidizer. 

The  exhaust  products  are  modeled  to  be  dominantly  H2O,  N2,  H2,  and  CO  with 
traces  of  CO2,  H,  unbumed  fuel  and  O2  (see  Table  2).  The  mean  exhaust  velocity 
is  3.5x10®  cm/s. 
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TABLE  2 


MODELED  THRUSTER  EXHAUST  PRODUCTS  (from  Ref.  8) 


Species 

Mole  Fraction 

h2o 

0.328 

n2 

0.306 

h2 

0.17 

CO 

0.134 

C02 

0.036 

H 

0.015 

°2 

0.0004 

MMH-NO3 

0.002 

Neutral  Measurements 

Carignan  and  Miller-3  have  reported  neutral  species  observations  taken  on 
STS-2,  -3,  and  -4.  Their  device  spanned  the  mass  range  from.  2  to  150  amu  and 
used  a  three-stage  skimmer  pumped  by  zirconium  oxide  getters  to  limit  the  in¬ 
strument  field  of  view  to  0.1  sr. 

Both  ambient  atmospheric  and  contaminant  species  were  observed  by  the 
mass  spectrometers.  Species  identified  from  the  measurements  include  He,  H2O, 
N2/CO  (mass  28),  NO  (presumably),  O2,  Ar,  CO2,  Freon  12  and  21,  trichloroethyl¬ 
ene  and  other  heavy  hydrocarbons  (cleaning  agents).  Statistically  significant 
quantities  of  masses  11,  19  and  36  were  also  observed  but  not  identified.  (Note 
that  mass  19  could  be  H30+  produced  from  a  reaction  between  H20+  and  H2O).  Al¬ 
though  O2,  N2,  He  and  Ar  are  ambient  molecules,  the  latter  three  were  also  found 
to  be  significant  contaminants.  The  heavier  species,  with  the  exception  of 
Freon  21  which  is  used  in  the  thermal  control  systems,  were  typically  in  low 
concentrations  and  the  CO2  was  primarily  at  instrument  background  levels,  al¬ 
though  some  contribution  from  the  Shuttle  environment  was  observed.  Interest¬ 
ingly  enough,  methane  was  also  seen,  with  its  presence  correlated  with  thruster 


activity.  It  has  been  suggested  that  this  observation  reflects  the  presence  of 
unburnt  monomethyl  hydrazine  which  is  catalyzed  to  methane  by  the  zirconium  ox¬ 
ide  getters.3  An  alternate  mechanism,  proposed  by  a  reviewer,  is  that  methane 
is  released  from  the  getters  in  the  presence  of  increased  water  vapor  during  RCS 
firings.  In  any  event  Narcisi  at  al.5  observed  no  evidence  of  CH4  in  their  mea¬ 
surements  . 

The  absolute  concentrations  of  contaminants  in  the  Shuttle  bay  are  not 
yet  well  evaluated.  For  most  of  the  measurements  the  mass  spectrometer  was 
pointed  upwards  out  of  the  bay;  thus,  contaminants  originating  from  Shuttle  sur¬ 
faces  must  scatter  off  of  ambient  gases  into  the  instrument.  Accounting  for 
this  effect  is  both  complicated  and  uncertain,  and  self -calibration  techniques 
have  been  employed.  These  calibrations  have  only  been  partially  successful  to 
date,  and  the  results  are  not  yet  fully  analyzed.  Suffice  it  to  say  that  ambi¬ 
ent  pressures  are  ~10“7  Torr,  and  bay  pressures  between  10~7  to  10~4  Torr  have 
been  observed6  during  various  Shuttle  activities  with  the  higher  pressures  cor¬ 
relating  with  ram  observations  and  thruster  firings.  The  principal  contaminants 
observed  were  H2O  and  Re,  and  much  of  the  mission  was  dedicated  to  the  study  of 
H2O.  The  envelope  of  H2O  flux  into  the  spectrometer  during  the  STS-4  flight  is 
shown  in  Fig.  1.  The  values  within  the  envelope  are  strongly  modulated  by  the 
instrument  angle  of  attack.  The  large  spikes  have  been  correlated  to  specific 
RCS  firings3,  although  the  vast  majority  of  such  firings  do  not  lead  to  such 
large  excursions  in  K2O  concentration. 

The  initial  decay  time  for  H2O  after  launch  is  about  ten  hours,  corres¬ 
ponding  to  outgassing  from  surfaces  conditioned  by  the  pre-launch  environment. 
Interestingly  enough  later  spikes  in  the  H2O  count  rate  apparently  exhibit 
similarly  long  decays,  in  contradiction  with  the  observations  of  Narcisi  et  al.6 


described  below.  These  long  decay  times  may  be  an  instrumental  artifact,  for 
example  reflecting  vapor  histories  over  the  zirconium  oxide  getters.  Alternate¬ 
ly  these  measurements  may  reflect  outgassing  over  Shuttle  surfaces.^  Additional 
testing  with  the  instrument  would  be  required  to  resolve  this  issue. 

Estimates  of  the  H2O  column  density  for  the  three  flights  are  provided 
in  Table  3.  The  maximum  limits  correspond  to  observations  at  early  times.  Note 
the  large  variations  from  flight  to  flight.  STS-2  and  STS-4  were  subjected  to 
heavy  rains  prior  to  launch,  and  this  may  account  for  the  higher  observed  column 
densities  in  the  early  orbits. 


TABLE  3 

H20  CONTAMINANT  COLUMN  DENSITY  (from  Ref.  3) 


Max<a> 

Final 

STS-2 <b> 

2.0  x  10*3 

2.7  x  10*2 

STS-3 

1.5  x  1011 

4.0  x  10*0 

STS-4 

3.2  x  1013 

1.0  x  10*2 

(“^Except  for  RCS  firings  and  payload  bay  door  closings. 

( b ) The  STS-2  values  are  considered  upper  limits. 

It  is  expected  that  ambient  species  will  behave  quite  differently  than 
contaminants  as  the  spectrometer  angle  of  attack  is  varied.  This  is  borne  out 
in  Fig.  2  where  the  He  and  Ar  count  rates  vs.  time  are  shown  for  a  particular 
STS-3  orbit.  (These  species  are  not  collimated  by  the  getters).  The  system 
angle  of  attack  varies  from  170  to  10  degrees  over  the  time  shown,  and  the  He 
and  Ar  concentrations  are  seen  to  be  largest  in  the  near-ram  position,  in  keep¬ 
ing  with  the  presence  of  these  species  in  the  ambient  gas.  (The  bump  in  the  Ar 
trace  is  due  to  flow  interference  from  the  Remote  Manipulator  System  (RMS)-*). 


These  observations  along  with  many  others  not  shown  are  in  good  agreement  with 


On  STS-4  the  ZECM  was  picked  up  by  the  RMS  and  moved  around  so  as  to 
look  down  at  the  Shuttle  bay  and  adjacent  surfaces.  Measurements  were  per¬ 
formed  for  fifteen  different  orientations  as  shown  in  Fig.  3a;  each  had  a  10* 
half  angle  field  of  view.  The  corresponding  average  count  rates  for  H2O  are 
shown  in  Fig.  3b,  the  spikes  represent  changes  due  to  RCS  thruster  firings. 
Measurements  for  helium  were  quite  similar;  however,  Freon  21  exhibited  a  dis¬ 
tinct  signature,  reflecting  perhaps  the  position  of  specific  leaks.  With  the 
exception  of  freon  the  contaminants  appear  to  be  well  distributed  throughout 
the  bay,  peaking  slightly  in  the  aft  section. 

Narcisi  et  al.5  also  report  Shuttle  contaminant  species  measurements 
acquired  using  a  quadrupole  mass  spectrometer.  This  instrument  was  positioned 
to  look  horizontally  over  the  right  wing  of  the  Shuttle,  although  pitched 
slightly  upwards,  and  had  a  2ir  field  of  view  for  neutrals.  Measurements  were 
made  in  both  ram  and  non-ram  modes.  During  the  ram  mode,  measurements  are  made 
with  and  without  a  grid  retarding  potential  of  2.5  volts  (R  and  NR  modes  re¬ 
spectively)  so  as  to  distinguish  between  ambient  and  contaminant  species.  Am¬ 
bient  species,  having  no  directed  kinetic  energy,  cannot  penetrate  beyond  the 
retarding  barrier. 

Typical  observations  during  vernier  and  OMS  bums  are  shown  in  Fig.  4a. 
Note  that  the  H2O  and  N2  histories  follow  the  total  pressure,  with  signals  de¬ 
caying  back  to  steady  levels  within  seconds,  quite  unlike  the  bay  observations 
by  Carignan  and  Miller. 3  It  is  to  be  remembered  that  Narclsi's  instrument  has 
a  significantly  different  look  configuration  and  a  much  broader  field  of  view. 
Narclsi's  data  will  observe  species  scattered  off  wing  structures  and  thus  it 
will  be  susceptible  to  surface-induced  effects,  but  may  more  closely  represent 


the  actual  bay  environment.  Hj,  an  exhaust  species  not  observed  in  the  IE  CM 
measurements,  was  found  by  Narcisi  to  behave  in  a  manner  similar  to  N£  and  K2O 
during  thruster  firings  (see  Fig.  4b).  These  species  are  the  three  major  com¬ 
ponents  expected  in  thxuster  exhaust.  (See  Table  2). 

One  of  the  more  intriguing  measurements  reported  by  Narcisi  et  al.5  is 
shorn  in  Fig.  5.  Here  the  average  H2O  signal  for  a  given  scan  is  plotted  ver¬ 
sus  mean  MET  (mission  elapsed  time)  and  compared  with  the  spectrometer  sensor 
temperature  measurements.  There  is  a  remarkable  correlation  between  these  two 
histories.  Although  the  local  variation  in  temperature  is  small,  thermistors 
placed  throughout  the  pallet  exhibit  significant  variations,  of  order  100*C, 
while  maintaining  a  temporal  structure  similar  to  that  shown  in  Fig.  5.  Since 
the  instrument  has  a  large  field  of  view  it  can  sample  the  outgassing  from  a 
wide  surface  area.  Indeed,  Narcisi5  concludes  that  the  spacecraft  surface  tem¬ 
peratures  seem  to  be  a  significant  controlling  factor  in  the  water  vapor  envi¬ 
ronment.  Note  that  measurements  made  in  the  more  confined  inter-payload  areas 
within  the  bay  may  exhibit  different  dependencies.  Additional  measurements  on 
future  flights  should  resolve  this  issue.  Again,  unfortunately,  absolute  cali¬ 
brations  are  difficult  because  of  the  scattering  problem.  As  discussed  below, 
Narcisi  et  al.5  have  suggested  that  absolute  H2O  concentrations  may  be  more  ap¬ 
propriately  deduced  from  ionic  observations. 

Helium  was  once  again  found  to  be  an  important  species.  Approximate 
helium  pressures  were  found  to  vary  between  4x10“®  to  2x1 0“7  torr.  Since  typ¬ 
ical  ambient  ram  He  pressures  were  «*•  6x10“®  torr  and  the  observations  were  pri¬ 
marily  made  in  non-ram  operation,  substantial  helium  leaks,  apparently  from  pay 
loads,  were  evident.  Higher  molecular  weight  species,  >  50  amu,  were  also  ob¬ 
served,  and  the  total  "heavy"  pressures  were  estimated  to  be  <  10“®  torr.  In 
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these  latter  measurements  contamination  by  ion  source  outgassing  cannot  be  ex¬ 
cluded,  particularly  since  no  mass  discrimination  was  attempted. 

Positive  Ion  Measurements 

Narcisi  et  al.5  also  operated  their  instrument  in  the  ion  mode;  instru¬ 
ment  field  of  view  in  this  case  was  20*,  and  a  typical  scan  time  for  amu  1-67 
and  TI  (total  ions)  >  50  amu  was  less  than  one  second.  Species  observed  in¬ 
clude  0+,  H20+,  H30+,  N+,  N2+,  N0+,  02+  and  0H+. 

A  typical  scan  of  H20+,  0+  and  N+  vs.  time  is  Bhown,  contrasted  to  the 
density  monitor,  in  Pig.  6.  These  measurements  were  performed  during  daytime, 
at  an  altitude  of  298.5  km,  and  with  an  instrument  angle  of  attack  ranging  be¬ 
tween  33  and  38*.  The  O +  and  NT*  are  ambient  species,  and  H2o+  is  a  contaminant 
species  most  likely  formed  via 

0+  +  H20  -►  H20+  +  0.  (1) 

Note  that  the  0+/H20+  ratio  typically  is  of  order  unity  (factor  of  two).  This 
ratio  is  sensitive  to  angle  of  attack  and  was  found  to  be  -  10  with  the  instru¬ 
ment  looking  in  the  ram  direction  in  an  earlier  orbit.  Nighttime  concentra¬ 
tions  of  H2o+  were  found  to  be  lower,  reflecting  lower  ambient  0+  densities. 

The  H30+  current  falls  about  one  order  of  magnitude  below  that  of  H20+ 
for  the  conditions  of  Fig.  6.  This  species  is  most  likely  produced  via  the  re¬ 


f 
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action. 


H20+  +  H20  >  H30+  +  OH 


It  has  been  suggested^  that  these  data  may  be  used  to  estimate  neutral  H20  con¬ 
centrations  via  a  kinetic  analysis. 

The  spikes  seen  in  Fig.  6  in  the  vicinity  of  23,210  and  23,270  seconds 
(MET)  correspond  to  VCS  firings.  At  these  times,  positive  ion  depletions  of  an 
order  of  magnitude  are  observed  in  the  total  density  monitor  and  reflected  in 


the  O4* ,  N4*  observations.  Thus  the  thruster  exhaust  gases  tend  to  displace  or 
"blow  away"  the  ambient  atmosphere.  Enhancements  in  the  N2+,  N0+  and  OH4*  con¬ 
centrations  were  noted  at  these  times.  These  species  correspond  to  anticipated 
products  of  reactions  between  04*  and  the  thruster  exhaust  gases  N2  and  H2.  The 
decrease  in  H2O4’  concentrations  is  attributable  to  the  decrease  in  O4*,  its  pre¬ 
cursor.  The  H2O  concentration  is,  already  large  and  the  thruster  event  does  not 
alter  the  H2O  concentration  sufficiently  to  overcome  the  O4*  depletion.5 

We  note  that  ion  measurements  during  thruster  firings  may  be  compli¬ 
cated  by  concomitant  changes  in  vehicle  potential. *0  Narcisi  et  al. 5  have  per¬ 
formed  measurements  on  04*  and  MO4*  where  their  retarding  potential  was  swept 
over  ranges  of  12  and  19  V  respectively,  although  this  data  has  for  the  most 
part  not  yet  been  analyzed.  They  have  demonstrated  the  ability  to  measure 
spacecraft  potential  in  this  manner,  however. 

Grebowsky  et  al.4  have  performed  thermal  ion  measurements  in  the  Shut¬ 
tle  bay  on  STS-3  using  a  Bennett  ion  mass  spectrometer  which  was  part  of  the 
Plasma  Diagnostic  Package.  The  STS-3  mission  was  in  a  trans-equatorial  orbit 
(inclination  of  38*)  with  a  mean  altitude  of  244  km,  and  the  ion  measurements 
reported  were  specific  to  a  nose-to-sun  attitude  orbit.  The  spectrometer  was 
positioned  within  the  PDP  in  the  bay  so  that  it  faced  the  interior  port  bulk¬ 
head.  The  instrument  scanned  1-64  amu  in  2.4  seconds. 

Ions  observed  include  04*,  H2O4,  H30+,  NO4*,  02+  and  C02+.  A  typical  ob¬ 
servation  is  shown  in  Figs.  7a,  b.  Note  that  signal  is  only  shown  for  50  min¬ 
utes  out  of  the  1-1/2  hr.  orbit;  no  thermal  ions  were  observed  during  the  un¬ 
plotted  portion  of  the  orbit. 

As  can  be  seen  the  ion  concentrations  all  increase  sharply  as  the 
Shuttle  proceeds  through  the  dawn  terminator.  On  other  orbits  a  brief  (~  10 
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minute)  precursor  enhancement  of  the  ion  currents  is  observed  followed  by  a  de¬ 
crease  just  prior  to  sunrise.  These  observations  are  quite  different  from 
those  of  Marcisi  et  al.,®  and  more  difficult  to  interpret  because  of  the  posi¬ 
tioning  of  the  instrument  and  possible  interference  from  other  payloads.  In 
particular,  for  most  of  the  orbit  the  majority  of  ambient  ions  would  scatter 
off  of  the  Shuttle  outgassing  layer  or  Shuttle/payload  surfaces  prior  to  enter¬ 
ing  the  spectrometer.  Surface  scattering  would  most  likely  result  in  ion  neu- 
tralization.  The  observed  daytime  dropoff  in  icn  concentrations  can  be  corre¬ 
lated  with  a  similar  drop  in  bay  pressure,  occurring  as  the  bay  faces  the  Shut¬ 
tle  wake.  It  would  be  expected  that  the  wake  would  exhibit  depleted  ion  con¬ 
centrations. 

The  day/night  ion  variation  does  not  scale  with  PDP  pressure  and  is  not 
well  understood  although  it  may  also  be  due  to  ram-wake  variations.  Grebowsky 
et  al.4  originally  suggested  that  the  variation  may  result  from  photo¬ 
ionization  of  the  Shuttle  cloud.  This  appears  unlikely  given  anticipated 
photo-ionization  rates  at  Shuttle  altitudes.  Indeed  one  would  anticipate  that 
the  contaminant  ions  would  be  produced  via  reaction  with  ambient  species.  Per¬ 
haps  geometric  effects  preclude  such  reactive  events  within  the  instrument 
field  of  view  during  specific  portions  of  the  orbit.  On  the  other  hand  the 
day/night  behavior  is  reminiscent  of  Fj  region  collapse  which  can  occur  at 
Shuttle  altitudes  in  the  equatorial  region.  Nonetheless,  Grebowsky  et  al.4  ar¬ 
gue  that  the  observed  pre-dawn  precursor  ion  currents  result  from  ambient  ions 
entering  the  instrument,  further  confusing  the  issue.  It  is  clear  that  these 
observations  require  further  investigation. 

Variations  in  ion  concentrations  were  also  correlated  with  Shuttle  ac¬ 
tivities  such  as  water  dumps  and  thruster  firings.  For  example  enhancements  In 


H2O+,  H3O+  and  NO'*’  have  been  observed  in  thruster  firings.  Narcisi,  et  al.5 
observed  similar  enhancements  in  exhaust  related  species,  although  reporting  a 
concomitant  drop  in  total  plasma  density.  Such  a  drop  is  not  reported  by 
Grebowsky  et  al.,4  perhaps  because  their  scan  time  was  considerably  larger  than 
typical  bum  times.  Zn  any  event,  the  interpretation  of  the  measurements  of 
Ref.  4  in  terms  of  ambient  ions  is  complicated  by  surface  scattering  effects. 

It  appears  that  during  thruster  events  significant  increases  in  contam¬ 
ination  levels  occur  which  largely  dissipate  on  time  scales  of  one  second.  If 
this  is  indeed  the  case,  thruster  firings  may  be  viewed  by  Shuttle  experimen¬ 
ters  as  a  short-term  inconvenience  whose  effects  may  be  removed  by  appropriate 
filtering.  On  the  other  hand,  because  thruster  events  are  so  frequent  (approx¬ 
imately  once  every  15  seconds  on  average),  a  cooperative  arrangement  between 
experimenters  and  Shuttle  crew  may  be  required  for  sensitive  observations. 

There  have  been  several  measurements  of  the  electron  densities  and  en¬ 
ergies  which  we  have  not  addressed  here.  Murphy  et  al.6>10  have  reported  fac¬ 
tors  of  2-10  increases  over  ambient  in  the  thermal  electron  concentrations  as 
compared  to  the  nearly  parallel  observations  of  the  Dynamics  Explorer  satel¬ 
lite.11  Indeed  unusual  electron  energy  distributions  have  been  observed 1 1  * 1 2 
and  interpreted  to  indicate  the  presence  of  a  Shuttle-induced  plasma  above  ve¬ 
hicle  surfaces  in  the  velocity  vector. 

In  summary,  it  is  apparent  that  the  Shuttle  neutral/plasma  environment 
is  very  sensitive  to  both  the  ambient  atmosphere  and  Shuttle  activity,  and  that 
the  species  observations  strongly  reflect  both  Instrument  positioning  and  angle 
of  attack.  Very  few  of  the  data  have  been  analyzed  to  date,  and  most  of  the 
published  results  which  have  been  highlighted  here  are  presented  as  particle 
fluxes  rather  than  concentrations.  A  number  of  interesting,  and  in  some 


Instances  unexplained,  observations  have  been  provided.  It  seems  likely  that 
at  least  some  of  these  differences  can  be  attributed  to  atmospheric  variability 
between  missions  or  even  during  a  mission.  Further  analysis  and  additional 
careful  measurements  should  aim  to  provide  a  sound  basis  for  comparison  so  that 
agreements  are  believable,  and  explanations  can  be  found  for  real  differences. 
Then,  finally,  we  will  be  able. to  increase  our  understanding  of  the  dynamic 


Shuttle  environ'  ent 
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PARTICULATES 

In  this  section  we  summarize  data5*15*1*  from  the  IECM  for  the  flights 
of  STS- 2,  -3,  and  -4.  Also  we  Include  data  from  a  different  source,15  namely 
video  tapes  of  the  field  of  view  looking  aft  of  the  forward  cargo  bay  on  STS-3. 
Figure  8  shows  components  of  the  IECM.  He  will  first  briefly  discuss  IECM  data 
from  the  Passive  Sample  Array,  Cascade  Impactor,  and  Camera/Photometer. 

The  Passive  Sample  Array  is  a  series  of  witness  plates  which  present 
time  integrated  exposures.  Size-distributions  of  particulates  deposited  on  the 
Passive  Sample  Array  at  various  times  are  shown  in  Fig.  9.  These  are  averaged 
over  the  three  flights  in  question.  Exchanging  the  sample  trays  and  using  con¬ 
trol  samples  makes  it  possible  to  distinguish  the  amounts  and  distribution  of 
particulates  for  (1)  the  preflight  environment  (OPF)  at  Kennedy  Space  Center, 

(2)  the  ferry  flight  that  returns  the  Shuttle  from  the  landing  site,  and  (3)  the 
orbital  mission  per  se.  Note  that  the  OPF  and  ferry  flight  distribution  are 
quite  similar,  and  that  the  mission  distribution  displays  three  principal  peaks 
near  5,  13,  and  22  pm.  The  OPF  and  Ferry  distributions  are  not  representative 
of  a  natural  dusty  environment,  but  are  more  smoke-like  in  character. 

The  absolute  degree  of  cleanliness  can  be  estimated  by  comparison  of  the 
size  distributions  with  MIL-STD-1246A  for  product  cleanliness.  This  is  shown  in 
Fig.  10  for  STS-4  where,  to  state  the  worst  case,  all  the  points  are  seen  to  be 
below  the  standard  line  whose  intercept  represents  the  obscuration  equivalent  to 
one  particle  of  750  pm  size  per  square  foot.  (A  300  pm  normalized  distribution 
was  the  goal  set  by  the  Contamination  Requirements  Design  Group).  Below  100  pm 
particle  size,  the  distributions  are  more  consistent  with  the  300  pm  clean  air 
standard. 


The  Cascade  Impactor  data  for  periods  during  the  ascent  and  descent  of 
STS-2,  -3,  and  -4  are  shown  in  Table  4.  This  is  a  differential  volumetric  sam¬ 
pling  of  airborne  particulates  separated  into  three  size  ranges  for  the  Shuttle 
altitude  range  0-23  km,  and  is  also  compared  here  with  the  requirements  for 
class  1 00K  clean  air  which  was  the  CRDG  goal.  (We  realize  that  relating  cascade 
impactor  particulate  measurements  in  the  bay  during  liftoff  to  a  class  100K 
clean  air  environment  can  be  inexact.  For  example  collection  efficiency  can  be 


a  function  of  particle  size).  The  concentrations  of  the  largest  particles  were 
well  below  those  goals  for  all  three  missions.  The  intermediate  and  smallest 
particle  concentrations  are  low  for  missions  with  dry  prelaunch  and  takeoff 
weather,  and  seem  to  be  greatly  enhanced  under  wet  conditions.  The  rationale 
for  this  apparent  correlation  is  unclear. 

TABLE  4 

CASCADE  IMPACTOR  PARTICULATE  MEASUREMENTS  (Taken  from  Ref.  13) 


Particle  Size 

Class  1 00K  Air 

Flight  Results  ! 

( Vim) 

(pg/m3) 

(pg/m3) 

STS-2 

Ascent 

30 

Descent 

10<a) 

>5 

<375 

STS- 3 

Ascent 

10 

Descent 

10 

(assuming  d  «  25  pm, 

STS-4 

Ascent  Non-functional 

p  *  2  g/cm3) 

Descent 

20 

STS-2 

Ascent 

500 

1-5 

<100 

Descent 

250 

(assuming  d  -  5  pm, 

STS-3 

Ascent 

10 

p  «  2  g/cm3) 

Descent 

10 

STS-4 

Ascent 

300 

■ 

Descent 

10 

0.3-1 

STS-2 

Ascent 

250 

<10 

Descent 

115 

(assuming  d  •  1  pm, 

STS-3 

Ascent 

10 

p  ■  2  g/cm3) 

Descent 

10 

STS-4 

Ascent 

90 

Descent 

Non-functional 

s 

1 

'a 

a 

i 


v 


ft 
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*> 
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(^Descent  values  should  be  considered  upper  limits  due  to  errors  Introduced  by 
thermal  effects. 
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The  on-orbit  environment  was  probed  by  a  Camera/Photometer  experiment. 


Data  from  the  IECM  provide  time-resolved  information  on  the  particulates  orbit¬ 
ing  with  the  Shuttle  in  the  payload  bay.  The  Camera/Photometer  is  actually  a 
stereo  pair  of  devices  taking  32*  FOV  films  of  contaminant  particulates  as  small 
as  25  ym,  as  they  are  illuminated  by  the  sun  against  a  dark  sky  or  earth  back¬ 
ground.  The  photometers  also  provide  data  on  the  background  levels  of  bright¬ 
ness  not  only  when  the  illuminated  particles  are  being  photographed,  but  also 
during  orbital  nighttime  when  only  the  star  field  is  observed. 

Figure  11  presents  curves  reflecting  the  time  histories  of  particle  con¬ 
centrations.  During  the  first  hours  of  Shuttle  flights,  the  frequency  dimin¬ 
ishes  for  seeing  many  particles  per  frame  while  the  likelihood  of  seeing  no  par¬ 
ticles  per  frame  increases  to  virtually  100%.  These  data  specifically  do  not 
include  the  time  periods  of  water  dumps  which  are  the  major  source  of  photo¬ 
graphed  particulates  on-orbit  (count  rates  >  100  per  frame).  The  decay  of  water 
dump  particles  is  very  rapid,  however,  and  is  characterized  by  an  e-folding  time 
constant  of  5  minutes,  so  that  return  to  pre-dump  levels  takes  15-25  minutes. 

After  about  15  hours  MET,  the  background  sky  brightness  due  to  molecular 
and  particulate  scattering  is  not  measurable  (below  threshold)  with  the  Camera/ 
Photometer  system  in  the  IECM.  Again  we  emphasize  that  this  does  not  include 
the  times  of  water  dumps  or  RCS/VCS  thruster  firings.  With  the  scattering  bo 
low  that  there  is  no  discernible  day/night  (orbital)  difference  in  the  sky  back¬ 
ground,  tenth  magnitude  stars  are  readily  seen,  and  it  is  integrated  starlight 
that  then  controls  the  exposure  time  of  the  Camera/Photometer  films. 

Thus,  the  particulate  environment  on  these  Shuttle  flights  seems  to  be 
quite  manageable  after  about  15  hours  MET,  with  the  exception  of  -  1/2  hour 
periods  immediately  following  water  dumps.  In  the  clean  periods,  the  observable 
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particulate  abundances,  according  to  the  XECM,  are  approximately  equivalent  to 


one  25  pm  particle  event  every  two  orbits  {«■  3  hours),  per  1*  FOV.  Recently 
photometric  data  from  STS  4  have  become  available  from  D.  Smith,  et  alJ6  Their 
preliminary  analysis  indicated  that  particulate  concentrations  remained  higher 
during  the  mission  and  that  particulates  were  larger  than  the  IECM  data  indi¬ 
cates. 

A  different  observation^  on  STS-3  has  caused  some  concern  about  pop¬ 
ulations  of  large  particles  that  may  orbit  with  the  Shuttle  once  they  are 
created  by  an  unexpected  or  accidental  event.  Such  an  event  might  be,  for  ex¬ 
ample,  RCS  plume  impingement  on  the  Shuttle  body  flap  that  was  suggested  by 
L.  Leger  during  NASA's  Shuttle  Environment  Workshop. ^  During  the  second  day  of 
the  STS-3  flight,  a  television  camera  looking  aft  from  the  cargo  bay  recorded 
many  frames  showing  large  particles  ( 1  mm  -  7  mm  diameter)  suspended  well  for¬ 
ward  of  the  tail  assembly  and  having  velocities  in  the  range  1/2-4  cm/s. 

For  one  of  the  episodes  studied,  a  typical  number  of  particles  larger  than 
5  mm,  in  a  4*  half -angle  about  the  long  axis  of  the  Shuttle,  was  about  60. 

There  were  many  more  smaller  particles  that  could  not  be  reliably  resolved  and 
counted.  Possibly  larger  particles  were  also  seen,  but  this  is  not  completely 
certain  owing  to  assumptions  that  had  to  be  made  in  the  data  reduction.1^ 

Though  particulates  have  often  been  observed  around  spacecraft  (Voyag¬ 
er,  Viking,  Mariner-Venus-Mercury ,  Skylab),  the  STS-3  episode  is  particularly 
striking  in  appearance.  We  do  not  have  further  such  information  at  this  time 
on  this  or  other  Shuttle  flights.  This  phenomenon  could  prove  troublesome  if 
left  unexplained  and  unfixed.  Further  analysis  or  additional  observations  to 
resolve  this  issue  would  be  valuable  for  assessing  the  local  environment  and 
particle  production  mechanisms. 
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In  summary,  the  level  of  scattered  light  from  particles  fell  below  the 


A 


natural  background  levels  and  detectability  limits  after  the  first  day  on  or¬ 
bit.  Changes  in  procedures  in  the  OPF  are  scheduled  and  will  hopefully  im¬ 
prove  the  preflight  environment.  Nevertheless,  apertured  doors  or  purging, 
are  recommended  to  protect  very  sensitive  instruments. 

Generally  the  particulate  environment  looks  acceptable  on  the  basis  of 
the  IECM  data,  while  the  other  STS-3  and  STS-4  data  raise  doubts  about  a  to¬ 
tally  optimistic  conclusion.  The  particulate  question  is  extremely  important 
for  infrared  observations  from  the  Shuttle,  since  very  demanding  IR  applica¬ 
tions  have  been  proposed  that  could  be  compromised  by  fluctuating  intensities 
of  scattered  terrestrial  or  solar  IR  radiation.  Models  have  been  developed 
which  either  describe  these  early  measurements2  or  try  to  predict  on  orbit 
particulate  release  rates.17  Further  measurements  will  be  required  to  vali¬ 
date  these  models. 
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THE  OPTICAL  ENVIRONMENT 


Thruster  Glov 

The  optical  environment  surrounding  the  STS  was  recognized  as  a  poten¬ 
tial  problem  area  and  was  the  subject  of  extensive  modeling  years  before  any 
launch.®* *®  These  models  mainly  considered  attenuation  and  self  emission  by 
the  gaseous  and  particulate  effluents  arising  from  thrusters,  dumps,  and  out- 

i 

i 

gassing.  Perhaps  the  most  fascinating  observations  from  the  early  Shuttle  mis- 
|  sions  was  the  appearance  of  the  continuous  glow  over  Shuttle  surfaces  during 

l  passive  operation  conditions,  and  the  spatial  extent  and  brightness  of  the 

i 

|  thruster  firings.  Both  of  these  glow  mechanisms  raise  important  questions 

j  about  the  integrity  of  optical  measurements  performed  from  the  STS  Orbiter. 

i 

The  observations  of  the  SIA  experiment  as  reported  by  Weinberg19  indi¬ 
cate  that  brightness  resulting  from  thruster  firings  and  associated  photochem¬ 
ical  reactions  can  be  up  to  2.5  times  as  bright  as  the  brightest  part  of  the 
Milky  Way.  (Additionally,  solar  radiance  reflected  from  orbiter/pay load- 
induced  particulates  can  be  of  comparable  brightness.)  The  SIA  telescope  had 
an  instantaneous  field  of  view  of  €*  but  could  scan  azimuthally  from  viewing 
just  over  the  engine  pods  through  zenith  to  30*  past  zenith  toward  the  cabin 
One-color  scans  consistently  showed  an  enhanced  radiance  peaking  just  above  the 
tail.  Periodically,  a  large  brightness  feature  was  observed  near  zenith  and 
could  always  be  directly  correlated  with  a  thruster  firing.  The  SIA  experiment 
also  observed  radiance  associated  with  a  series  of  thruster  firings  while  scan¬ 
ning  the  sky  at  420  nm.  They  indicate  a  widely  spread  glow — the  entire  sky 
flashes  brightly  immediately  following  vernier  thruster  firings.  Observations 
of  the  glow  on  STS-4  by  Mende^O  indicate  that  the  thruster  glow  near  the  tail 
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is  strongest  in  the  red  end  or  the  spectrum,  stretching  from  720  nm  to  the  sys¬ 


tem  cutoff  at  800  nm.  Near  the  tail,  thermal  emission  from  the  hot  exhaust 
products  (such  as  C0(v),  H20(v))  may  dominate,  while  farther  from  the  nozzle 
photochemical  or  energetic  collisions  with  the  ambient  atmosphere  may  give  rise 
to  molecular  electronic  transitions  in  ths  blue  (such  as  NO2  A  ♦  X).  Yet 
another  glov  in  the  violet  has  been  observed  after  thruster  firings.  Temporal 
behavior  suggests  its  relation  to  re-encroachment  of  the  ambient  atmosphere  in¬ 
to  the  thruster  exhaust  plume.  Obviously  better  measurements  of  the  spectral 
and  spatial  characteristics  of  these  thruster  related  glows  are  required  to 
quantify  these  fascinating  observations. 

Surface  Glow  -  Observations 

Even  more  surprising,  however,  was  the  presence  of  a  glow  above  the 
surfaces  of  the  Shuttle  during  passive  operational  periods.  This  phenomenon 
was  observed  on  STS-3  by  Banks  and  co-workers.21  A  series  of  observations  on 
later  Shuttle  missions  have  been  performed  by  Mende20* 22» 23  in  an  attempt  to 
quantify  its  nature.  A  visible  glow  has  also  been  observed  by  the  Atmospheric 
Explorer  (AE)  C  and  E  satellites, 24  and  by  the  Dynamics  Explorer  (DE)  B  sat¬ 
ellite.  25, 26  The  large  satellite  data  base  has  permitted  a  fairly  convincing 
assignment  of  OH  emission  as  the  source  of  that  glow,  the  vibrationally  excited 
OH  being  formed  by  the  chemical  reaction  of  energetic  atmospheric  0-atoms  with 
H  on  the  surface.  It  is  not  at  all  clear  that  the  source  of  the  glow  above 
Shuttle  surfaces  is  also  OH.  In  fact  the  limited  Shuttle  data  indicate  that  it 
probably  is  not  OH(v)  emission. 

Both  Shuttle  and  satellite  glows  are  seen  on  surfaces  undergoing  ener¬ 
getic  collisions  with  the  ambient  atmosphere,  i.e.  ,  in  the  ram  direction.  Data 
from  STS-422  clearly  showed  a  dependence  of  intensity  with  respect  to  the  angle 
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of  attack.  No  glow  was  observed  from  surfaces  in  the  wake  or  shadowed  by  Shut¬ 
tle  structures.  Surfaces  exposed  to  the  velocity  vector  exhibit  substantial 
intensity  even  at  large  angles  of  attack.  Atmospheric  Explorer  data  on  the 
other  hand  exhibits  a  sharp  cos8$  dependence  of  intensity  on  angle  of  attack2*. 
Yee  and  Abreu2*  reported  the  altitude  dependence  of  the  AE  glow  to  track  with 
the  atomic  oxygen  profile  between  190  km  and  280  km.  Between  140-180  K  the  AE 
glow  tracks  with  neither  N2  nor  0  concentration  profiles,  increasing  more  rap¬ 
idly  than  either  concentration.  Shuttle  observations  of  absolute  intensity  are 
difficult,  and  a  definitive  altitude  scaling  with  the  O  or  N2  profile  can  not 
be  determined. 

The  photographic  data  on  Shuttle  has  permitted  the  spatial  distribution 
of  the  glow  to  be  quantified.  Preliminary  estimates21  of  an  extent  of  5-10  cm 
above  the  surface  have  been  revised  to  20  cm  in  a  careful  analysis  by  Yee  and 
Dalgamo.27  This  distance  represents  the  region  over  which  excited  species 
(atoms  or  molecules)  are  emitting.  The  extent  of  the  glow  has  been  interpreted 
to  represent  the  product  of  the  emitter  velocity  and  radiative  lifetime  of  the 
excited  state.  If  radiators  leave  the  surface  at  thermal  velocities,  then  the 
corresponding  radiative  lifetimes  are  less  than  a  millisecond.  If  their  exit 
velocity  is  faster,  the  lifetime  becomes  shorter  still,  approaching  50  ps  if 
the  atmosphere/surface  interaction  is  elastic  and  the  reflected  velocity  is 
comparable  to  the  incident  velocity.  The  various  chemical  processes  which 
could  give  rise  to  this  emission  are  considered  below.  If  a  plasma  process  is 
responsible  for  the  glow,  its  extent  represents  the  perpendicular  relaxation 
length  of  the  plasma.28  The  likely  emissions  resulting  from  a  plasma  over  the 
Shuttle  surface  has  been  considered. 29 

The  spectral  distribution  of  the  glow  has  also  been  measured. 

Mende20’22  has  reported  that  the  glow  is  a  nearly  continuous  spectrum  (for  a 
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resolution  of  -  15  run)  and  increases  in  intensity  to  the  red  out  to  a  800  nm 
detection  limit.  (The  Shuttle  glow  seems  to  have  a  spectral  distribution  which 
does  not  vary  appreciably  with  distance  from  the  surface.27  wittebom30  has 
observed  the  1-3  urn  infrared  emission  of  the  entire  Shuttle  from  the  earth's 
surface.  He  concludes  that  the  glow  intensity  is  2-3  times  brighter  in  that 
spectral  region  than  in  the  500-800  nm  region. 

Surface  Glow-Possible  Mechanisms 

Atomic  oxygen  is  by  far  the  dominant  atmospheric  component  at  orbital 
altitude.  It  has  thus  been  widely  considered  to  be  the  reactive  source  of  the 
Shuttle  glow.  Molecular  nitrogen  is  present  in  significant  concentrations  al¬ 
so  (see  Table  1).  The  Shuttle  orbital  velocity  is  8  x  10^  cm/s.  Thus  as  the 
Shuttle  sweeps  through  the  tenuous  atmosphere,  the  atmospheric  species  energe¬ 
tically  impact  the  surface.  For  oxygen  atoms,  the  energy  of  the  collision 
is  5  eV  on  average,  but  the  atomic  oxygen  velocity  vector  (c  «  105  cm/s) 
will  provide  a  distribution  of  collision  energies  (3. 8-6. 3  eV).  These  ener¬ 
getic  0-atoms  could  react  with  Shuttle  surfaces  to  produce  new  chemical  species 
which  could  give  rise  to  the  glow.  Nitrogen  molecules  will  have  a  collisional 
energy  of  9.3  ±  2  eV,  comparable  with  their  dissociation  energy  of  9.8  eV,  and 
thus  may  dissociate  upon  impact,  with  the  atoms  remaining  adsorbed  to  the  sur¬ 
face.  Let  us  now  consider  the  interactions  of  atoms  and  surfaces. 

The  energy  partitioning  in  the  interaction  of  gases  with  adsorbed  atoms 
has  been  studied  for  many  years.  Two  different  types  of  processes  are  pos¬ 
sible.  In  the  first,  the  Langmuir-Henshelwood  (LH)  process,  both  atoms  are  ad¬ 
sorbed  on  the  surface  after  collision.  They  then  migrate  over  the  surface,  re¬ 
act,  and  escape  into  the  gas  phase.  The  level  of  excitation  of  the  escaped 
molecule  depends  both  on  reaction  exothermicity  and  the  nature  of  the  surface 
adsorption. 31-33  When  surface  coverage  by  adsorbed  atoms  is  great,  an  incident 


gas-phase  atom  is  likely  to  strike  an  adsorbed  atom  and  form  a  molecule  which 
escapes  into  the  gas  phase.  This  is  called  a  Rideal  process.  Here  the  inter¬ 
action  time  is  short  ( 1 0“ 1 2  s)  and  little  energy  partitioning  with  the  surface 
can  occur.  Consequently,  the  newly  formed  molecule  can  possess  a  large  frac¬ 
tion  of  the  bonding  energy.  The  gas  phase  molecular  products  are  observed  to 
have  highly  non-statistical,  non-Boltzmann  energy  distributions. 

Surface  catalyzed  emissions  have  been  the  subject  of  several  laboratory 
studies.  In  particular,  0-atom  bombardment  of  surfaces  is  observed  to  give 
rise  to  02<b  ♦  X)  and  (A  X)  bands.34  It  is  suspected  that  a  gas-phase  atom 
reacted  with  an  adsorbed  atom  (bound  to  the  surface  by  only  0.5  eV)  to  give 
rise  to  this  emission.  However,  even  LH  processes  have  been  observed  to  give 
rise  to  electronically  excited  molecules,  such  as  Nj,  over  a  variety  of  sur¬ 
faces  including  glass35  and  metals.35  The  creation  of  these  recombined  mole¬ 
cules  into  electronically  excited  states  suggests  a  very  short  surface  resi¬ 
dence  time  for  the  newly  formed  species,  and  indicates  that  recombination  and 
desorption  are  part  of  a  single  physical  process.37  In  those  laboratory  stud¬ 
ies  the  N-atoms  recombine  to  form  the  A3EU+  state  at  high  vibrational  levels. 
The  molecules  then  collislonally  transfer  into  the  B(3IIU)  state.  Strong  B  A 
(First  Positive)  emission  is  then  observed  above  the  surfaces.  A  detailed  in¬ 
vestigation  of  the  energy  accommodated  by  N-atoms  has  been  studied  by  Halpem 
and  Rosner.38  They  found  that  both  Rideal  and  LH  processes  occur  over  a  single 
surface  under  different  physical  conditions.  The  level  of  product  excitation 
will  thus  depend  on  the  nature  of  the  surface  and  of  surface  coverage  and  tem¬ 
perature  . 

Recently  laboratory  experiments  have  begun  to  examine  the  reaction  of 
energetic  oxygen  atoms  and  ions  with  solid  materials.  Experiments  are  ongoing 


to  measure  the  interaction  of  -  1  eV  O-atoms  vith  carbon  by  G.  Arnold  and  D.  R. 
Peplinski.39  Ferguson40  has  observed  the  degradation  of  Kapton  by  energetic 
(0-1  keV)  oxygen  ions.  Kapton  is  a  long  chain  polyimide  composed  of  substi¬ 
tuted  benzene  rings  linked  by  0  and  N-atoms.  In  Ferguson's  experiments,  sam¬ 
ples  of  Kapton  bombarded  by  0+  ions  changed  in  appearance  and  microscopically 
resembled  orbitally  exposed  Kapton  from  STS-2.  Hydrogen  was  not  detectable  in 
these  experiments,  and  the  major  detectable  change  in  composition  was  a  severe 
loss  of  carbon.  The  weakest  bonds  are  the  C-N  (3.2  eV)  and  C-0  (3.7  eV)  bonds 
which  may  have  suffered  preferential  attack  by  the  5  eV  0+  ions  resulting  in 
chain  breakage  and  materials  properties  degradation.  A  variety  of  species,  in¬ 
cluding  CO  and  OH,  can  be  products  of  this  bombardment.  The  interactions  of 
the  ambient  atmospheric  0-atoms  with  other  STS  materials  has  been  studied  in 
some  detail  by  L.  Leger.41  Mass  loss  was  found  to  be  very  variable  from  mate¬ 
rial  to  material.  For  the  worst  case  (Mylars,  graphites)  tot  of  the  O-atoms 
collisions  led  to  mass  loss. 

With  these  observations  as  background,  we  will  now  consider  the  pos¬ 
sible  emitting  species  resulting  from  chemical  reactions  of  energetic  atmos¬ 
pheric  components  on  Shuttle  surfaces.  Specifically,  vibrationally  excited  OH, 
CO  and  electronically  excited  N2,  O2,  and  NO.  We  will  also  briefly  consider 
the  plasma  process.  Slanger42  has  postulated  hydroxyl  radicals  above  Shuttle 
surfaces  as  a  glow  source.  Vibrationally  excited  OH  would  be  created  in  the 
reaction  of  5  eV  O-atoms  with  atmospheric  H  or  Shuttle  produced  H2O  adsorbed  on 
surfaces  or  by  direct  attack  on  hydrogen-containing  surface  materials.  Vibra¬ 
tional  states  emitting  in  the  red  (v1  -  6-8,  Av  ■  5)  have  radiative  lifetimes 
of  between  4  and  10  ms.2®*4^  Although  spectral  analyses  support  OH  as  a  good 
candidate  for  the  glow  source  above  AE  and  DE  satellites,  a  careful  radiative 


lifetime  analysis  of  the  Shuttle  glow  by  Yee  and  Dalg amo27  yielded  a  lifetime 


of  0.67  ms  for  thermal  velocity  emitters,  suggesting  that  OH  is  not  the  Shuttle 
glow  source  unless  the  Shuttle  environment  provides  an  unexpectedly  large 
degree  of  collisional  de-excitation.  Specifically,  even  for  a  gas  kinetic  rate 
coefficient,  densities  in  excess  of  1012/cm3  would  be  required  to  quench  OH  in 
a  millisecond.  The  OH  Meinel  bands  (vibrational  overtones)  do  have  the  proper 
coarse  spectral  distribution  to  match  both  satellite  and  Shuttle  glow  observa¬ 
tions.  On  the  other  hand  they  exhibit  considerable  spectral  structure  which 
should  have  been  at  least  partially  resolved  in  Mende's23  spectral  observa¬ 
tions.  Thus  OH  seems  to  be  precluded  as  the  source  of  the  Shuttle  glow  due  to 
radiative  lifetime  and  spectral  structures. 

Carbon  monoxide  is  another  molecular  species  which  could  give  riBe  to 
the  glow.  Surface  materials  containing  carbon  have  been  shown  by  Leger41  to 
undergo  appreciable  mass  loss  on-orbit.  Vibratlonally  excited  CO  has  been  ob¬ 
served  in  the  reaction  of  O-atoms  with  carbon  adsorbed  on  platinum.33  Thus  vi- 
brationally  excited  CO  could  arise  from  the  interaction  of  energetic  O-atoms 
with  carbon-containing  Shuttle  surfaces.  Vibrational  transitions  with  Av  ■  6-8 
would  fall  in  the  600-850  nm  region,  and  should  rise  in  intensity  to  the  red  as 
the  transition  probability  increases  with  decreasing  Av.  These  overtones  are 
not  likely  to  be  as  strong  as  the  corresponding  transitions  in  OH.  The  radia¬ 
tive  lifetimes  for  vibrational  levels  5-11  are  4-7  ms,  comparable  to  those  for 
OH,  and  thus  perhaps  too  long  to  explain  the  Shuttle  observations.  Unlike  OH, 
however,  the  CO  spectral  distribution  would  be  more  continuous,  because  the 
bandwidths  are  comparable  to  their  separations.  Thus,  CO  emission  could  be  a 
constituent  of  Shuttle  glow  over  surfaces  which  undergo  appreciable  mass  loss. 
The  glow,  however,  is  observed  even  over  surfaces  not  containing  carbon  (such 
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as  aluminum)  and  which  do  not  suffer  significant  mass  loss  (painted  surfaces), 
as  shown  by  Mends. 23 

We  have  recently44  suggested  another  possible  source  for  the  glow: 
atomic  recombination  into  electronically  excited  molecular  states.  Atmospheric 
1*2  can  dissociate  upon  its  energetic  collision  with  Shuttle  surfaces.  The  fi¬ 
at  oms  then  may  recombine  to  form  highly  vibrationally  excited  ^(A)  molecules. 
The  surface  will  incompletely  accommodate  the  9.8  eV  reaction  exothermicity  and 
the  molecule  will  leave  highly  excited.  The  degree  of  energy  accommodation, 
and  thus  residual  excitation,  will  depend  on  the  nature  of  the  surface.  Some 
fraction  of  the  exciting  molecules  will  leave  in  the  A3ZU+  state.  Recombina¬ 
tion  into  the  ground  state  and  other  electronic  states  is  possible  (see  below). 
The  gas  phase  emissions  observed  by  Mannella  et  al. 36  were  the  result  of  col- 
lisional  processes  quenching  high  lying  A  vibrational  states  to  form  vibration- 
ally  excited  B  state  molecules  (see  energy  levels  in  Fig.  12).  The  molecules 
then  rapidly  radiate  (First  Positive  transitions)  back  to  lower  levels  of  the  A 
state  manifold.  (These  radiative  lifetimes  of  the  vibrational  levels  of  the 
B(3nu)  state  are  in  the  6-8  ps  range). 

Collisional  processes  probably  will  not  be  significant  above  Shuttle 
surfaces.  At  Shuttle  altitudes,  the  mean  ambient  free  path  between  collisions 
is  kilometers.  The  effect  of  surface  reflections  and  thermalized  velocities 
may  decrease  this  pathlength  by  an  order  of  magnitude.45  In  the  absence  of 
collisions,  highly  excited  A  state  molecules  can  still  radiatively  decay  to 
lower  levels  of  the  B  state  as  indicated  in  Fig.  12.  These  reverse  First 
Positive  (A  ♦  B)  transitions  have  not  been  observed,  but  have  been  estimated  to 
occur  and  to  be  important  in  auroras. 46, 47, 48  These  transitions  are  less 
strongly  allowed  than  B-A  and  radiative  lifetimes  are  estimated  to  be  a  few 


orders  of  magnitude  slower,  in  the  10~2  -  10-4  s  range.  Thus  the  postulated 
mechanism  is  that  the  N-atoms  recombine  on  the  Shuttle  surfaces  with  varying 
degrees  of  energy  accommodation.  The  newly  formed  N2  molecule  then  leaves  the 
surface  in  the  A  state  with  a  considerable  portion  of  the  reaction  exother- 
micity.  These  highly  vibrationally  excited  A  state  molecules  slowly  radiate 
(in  the  infrared  between  2  and  6  pm)  into  vibrationally  excited  B  states. 

These,  in  turn,  rapidly  radiative ly  decay  giving  rise  to  First  Positive  band 
radiation.  Nearly  all  of  the  9.8  eV  reaction  exothermicity  may  be  available  in 
the  N2  product.  Some  small  (<  1  eV)  energy  will  be  lost  to  overcome  bonding  to 
surface. 

A  spectrum  of  Nj  B  ♦  A  emission  with  5  run  resolution  is  presented  in 
Fig.  13.  This  spectrum  was  obtained  by  electron  Irradiating  an  N2/O2  mixture 
of  total  density  1  xIO13  molecules/cm3  (0.25  mtorr).49  The  spectral  intensity 
in  each  band  reflects  both  the  transition  probability  and  the  excited  state 
populations.  Thus,  this  particular  spectrum  is  not  meant  to  accurately  repre¬ 
sent  the  N2  recombination  glow  above  the  Shuttle  surfaces,  but  merely  to  demon¬ 
strate  the  possibility  that  this  process  may  play  a  role. 

In  addition  to  N2  B  +  A  features,  various  ionic  bands  are  present  in 
the  laboratory  spectrum  due  to  energetic  electron  impact.  These  molecular 
states  would  not  be  created  in  molecule/Shuttle  collisions  because  of  energetic 
constraints.  If  plasma  processes  play  a  role  in  the  Shuttle  glow,  these  tran¬ 
sitions  may  be  expected.29 

The  intensity  onset  in  the  red  and  the  rise  to  longer  wavelengths  agree 
with  Shuttle  glow  spectral  observations. 23  The  observed  structure  in  the  lab¬ 
oratory  spectrum  will  decrease  as  resolution  becomes  poorer,  and  as  rotational 
and  vibrational  temperatures  increase,  as  would  be  the  case  for  the  Shuttle. 


H.  Torr  and  D.  Torr50  recently  presented  some  preliminary  findings  of 
emissions  which  were  observed  by  their  Imaging  Spectrometrlc  Observatory  during 
the  Spacelab  mission.  The  bright  glow  they  observed  was  above  surfaces  of 
their  experiment  and  not  the  Shuttle  surfaces  per  se,  but  they  tentatively  as¬ 
signed  a  number  of  !*2  First  Positive  transitions  in  their  spectrum.  Indeed  N2 
First  Positive  Bands  are  the  dominant  contributor  to  their  spectrum  in  the 
red/near  infrared  region.  This  fascinating  observation  may  indicate  that  the 
postulated  collisional  excitation  mechanism  plays  a  role  over  Shuttle  sur¬ 
faces. 

Because  of  the  many  difficulties  associated  with  absolute  intensity 
measurements,  this  aspect  of  the  Shuttle  glow  is  perhaps  the  hardest  to  quan¬ 
tify.  Mende,22  has  stated  that  the  glow  on  the  STS-5  rear  engine  pod  was  sev¬ 
eral  hundred  kilorayleighs  within  the  bandpass  of  his  instrument. 

Based  on  this  observation,  the  efficiency  required  to  produce  N2*  from 
collisions  of  ambient  N2  with  the  Shuttle  surface  has  been  estimated.44  The 
observed  radiances  correspond  to  fluxes  off  the  surfaces  on  the  order  of  1010 
emitters/cm2-s.  It  was  shown44  that  only  a  small  fraction  of  the  energetically 
allowed  dissociative  collisions  must  result  in  vibrationally  excited  metastable 
state  formation  to  give  rise  to  the  above  emitter  flux. 

Other  possible  emissions  could  arise  from  recombination  of  0  and/or  N 
atoms  on  adsorbed  Shuttle  surfaces.  It  is  assumed  that  the  adsorbed  atoms  are 
not  electronically  excited  due  to  rapid  quenching  by  the  surface.  In  N-N  re¬ 
combination,  the  A,  the  ground  X  1Eg+  and  a  ^£g+  state  correlate  to  N(4S) 
atoms.  Although  recombination  has  been  the  subject  of  much  study  [see  Ref.  51 
and  references  therein],  it  is  not  yet  understood.  N2(A)  formation  seems  to  be 
the  preferred  excited  state  channel.  In  the  absence  of  collisions  the  5£a+ 


state  can  not  populate  any  other  molecular  states  (no  allowed  transitions),  and 
under  collisionless  conditions  surrounding  the  Shuttle  only  emissions  arising 
from  the  A  state  should  be  expected. 

Zf  energy  partitioning  between  the  accessible  electronic  states  occurs 
as  the  newly  formed  molecule  leaves  the  surface ,  numerous  other  allowed  transi¬ 
tions  would  result  from  population  of  the  W  3AU,  a'  '£„,  and  a  states. 

These  states  are  populated  in  laboratory  studies  where  collisional  redistribu¬ 
tion  occurs. -'1  The  most  notable  emissions  from  these  states  are:  the  Lyman- 
Birge-Hopf ield  bands  (a  -*•  X)  which  peak  at  140  nm;  the  Wu-Benesch  (W  ♦  B)  bands 
in  the  infrared;  and  the  McFarlane  infrared  bands  (a  a’).®2  Based  on  their 
lifetimes  all  these  transitions  would  have  the  same  spatial  extent.  The  larger 
the  role  of  the  surface  in  the  reaction,  the  less  likely  the  molecule  is  to 
leave  the  surface  electronically  excited.  Thus  tht  collisional  mechanism  for- 
ming  N2  (A,  high  v)  would  be  the  favored  source  for  N2  emissions  in  the  Shuttle 
glow.  The  presence  of  other  electronic  states  as  detected  by  VUV-IR  emissions 
observed  in  future  measurements  will  provide  insight  into  the  nature  of  the 
different  surface-molecule  interactions. 

Oxygen  atoms  from  the  ambient  flux  will  also  be  adsorbed  on  Shuttle 


surfaces.  Unlike  N2,  all  six  02  electronic  states  lying  below  the  dissociation 
energy  (5.2  eV)  correlate  with  ground  state  atoms,  and  thus  could  be  directly 
populated  by  O  atom  recombination.  Unfortunately,  no  allowed  radiative  transi¬ 
tions  connect  these  states.  The  A  X  is  the  most  prompt  (x a  -  0.2  s)  and  has 
been  observed  weakly  in  the  upper  atmosphere  and  in  the  laboratory. 34  The  rad¬ 
iative  lifetimes  of  the  other  states  are  thought  to  be  10-100  s  so  that  they 
are  not  likely  sources  of  the  20  cm  glow  layer.  The  c,  A’,  A  X  bands  lie  in 
the  UV-blue  spectral  region.  The  b  ♦  X  transition  at  762  nm  was  observed  by 


Mende^u  in  the  earth's  airglow  layer.  It  is  difficult  to  assess  if  it  is  a 
component  of  the  Shuttle  glow  layer.  The  b  state  radiative  lifetime  is  «■  13  s 
which  would  give  rise  to  a  much  more  extended  glow.  Thus  O2*  emission  does  not 
seem  a  likely  source  of  the  observed  Shuttle  glow  due  to  spectral  distribution 
and  radiative  lifetimes,  and  susceptibility  to  collisional  dissociation  by  en¬ 
ergetic  atmospheric  species.  Nonetheless,  if  these  states  are  created,  they 
could  pose  a  serious  optical  problem  because  their  lower  intensity  glow  layer 
could  extend  many  tens  of  meters,  thus  potentially  interfering  with  measure¬ 
ments  from  any  Shuttle  location. 

Heterogeneous  recombination  of  N  and  O  atoms  can  form  NO  in  the  excited 
a_  4JIi  state  as  well  as  the  ground  state,  although  several  other  electronic 
states  lie  below  the  dissociation  energy. 53  The  £  state  only  has  allowed  tran¬ 
sitions  in  the  infrared  to  the  b  4Z~.  If  electronic  energy  partitioning  occurs 
near  the  surface  then  the  A  2Z+,  B  2JIr  and  the  C  2IIr  states  which  rapidly  radi¬ 
ate  in  the  UV  to  the  ground  state,53  could  also  be  formed.  The  C  A  band  at 
1.22  pm  has  also  been  observed  in  the  laboratory.  Thus  neither  the  spectral 
distributions  nor  lifetimes  of  NO*  fit  the  observed  glow.  Moreover,  if  the 
surface  does  not  play  a  role  in  partitioning  the  energy,  we  would  expect  to  see 
only  emission  in  the  infrared.  It  must  be  stressed  that  the  glow  may  depend  on 
the  nature  of  the  surface  and  that  NO  emission  may  appear  brightly  in  a  thin 
layer  over  certain  surfaces. 

Plasma  processes  have  also  been  suggested  as  a  source  for  the  Shuttle 
glow.28  The  physical  mechanism  involves  the  atmospheric  ions  being  reflected 
off  the  Shuttle  surfaces,  creating  an  unstable  ion  distribution  which  then  in¬ 
teracts  collectively  to  heat  the  electrons.  The  more  energetic  electrons  then 
can  collisionally  ionize  more  of  the  background  gas  resulting  in  more  ions  to 


propagate  the  unstable  cycle.  The  net  effect  Is  to  enhance  the  number  of  elec¬ 


trons  in  the  energetic  tail  of  the  distribution.  This  mechanism  is  appealing 
because  it  fits  many  of  the  observations.  It  predicts  the  perpendicular  relax¬ 
ation  length  of  the  electrons  (the  extent  of  the  excitation)  to  be  10-20  cm. 

It  also  agrees  with  observations  of  Murphy  and  Shawhan^*5^  in  which  enhanced 
electron  densities  were  observed  in  the  ram  direction,  and  with  the  number  of 
energetic  electrons  enhanced. ^ 2  Papadopoulos  2  5  predicts  that  the  electron  con¬ 
centration,  however,  should  depend  linearly  on  the  ambient  plasma  and  on  the 
total  pressure.  The  enhanced  glow  intensities  associated  with  thruster  firings  ; 

I 

are  a  direct  consequence  of  total  pressure  enhancement,  according  to  this  mech-  ' 

i 

anism.  The  predicted  altitude  scaling  of  the  surface  glow  is  more  complex.  j 

Although  total  pressure  is  decreased  with  altitude,  the  ion  density  could  be  i 

l 

constant  or  even  increasing  over  the  240-300  km  Shuttle  altitude  range,  depend-  j 
ing  on  atmospheric  conditions.  Altitude  scaling  of  the  plasma  mechanism  is  not 
inconsistent  with  the  sparse  Shuttle  data  base.  The  spectral  character  of  the 
plasma  glow  should  reflect  the  excited  species,  dominantly  0  and  N2.  In  a  thor¬ 
ough  review,  Kofsky29  found  no  spectral  evidence  to  support  thi6  mechanism. 
Laboratory  studies  of  beam  plasma  discharges55  in  N2  and  air  reveal  structured 
First  Positive  bands  as  described  above,  but  also  exhibit  the  presence  of  high¬ 
er  electronic  state  emissions  (C  +  B)  and  ionic  bands  of  N2  (and  O2)  such  as 
shown  in  Fig.  13,  and  which  extend  considerably  to  the  blue.  Indeed,  Papado- 
poulos  suggest  monitoring  391.4  nm  (N2  +B  X)  and  337.1  run  (N2  C  +  B)  emis¬ 
sions  as  a  sensitive  test  for  this  theory. 

In  summary,  it  is  likely  that  several  mechanisms  involving  O  or  N2  are 
simultaneously  occurring  over  various  Shuttle  surfaces  and  that  any  one  may 
dominate  under  certain  conditions.  The  key  to  our  understanding  the  glow  phe- 
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nomen on  lies  in  an  extended  data  base  which  includes  improved  spatial,  spectral 


and  surface  specific  observations.  It  is  clear  that  a  number  of  processes,  in¬ 
cluding  those  discussed  above  as  well  as  chemical/erosive  mechanisms,  can  pro¬ 
vide  for  unique  glows  of  differing  characteristics  under  the  wide  range  of 
on-orbit  conditions.  Atomic  recombination  as  a  source  of  the  glow  depends  on 
the  Interaction  of  the  Shuttle  with  the  ambient  atmosphere  and  unlike 
contamination-induced  glow  cannot  be  overcome  by  simple  preventative  measures. 
Consequently,  the  glow  could  have  a  significant  impact  over  a  wide  range  of  al¬ 
titudes  on  the  instruments  which  hope  to  use  Shuttle  as  a  remote  optical  obser¬ 
vatory. 


CONCLUSIONS 

In  this  paper  we  have  singled  out  for  special  attention  the  Shuttle- 
environmental  issues  of  gases,  particulate  matter  and  vehicle-induced  glow  phe¬ 
nomena.  We  now  have  an  elementary  understanding  of  the  gaseous  atmosphere 
which  surrounds  the  Shuttle.  It  appears  to  be  acceptable  for  most  measurement 
functions  envisioned  for  the  Shuttle.  Nonetheless,  much  remains  to  be  under¬ 
stood.  For  example  even  with  several  observations  taken,  the  total  rate  of 
water  vapor  desorption  and  the  cause(s)  of  its  variability  remain  to  be  de¬ 
fined.  The  existence  of  a  Shuttle-induced  enhancement  of  the  plasma  density  is 

6till  unclear.  The  vehicle  glow  is  the  most  puzzling  and  intriguing  phenomenon 
observed,  and  several  possibilities  have  been  put  forth  as  an  explanation.  A 
full  evaluation  of  the  glow  as  an  interference  to  optical  measurements  is  not 
available  and  is  very  important.  Much  more  comprehensive  spectroscopy  and  spa¬ 
tial  photometry  will  be  needed  just  for  the  empirical  documentation  of  the  glow 
and  definition  of  its  potential  for  interference  with  other  work.  The  particu¬ 
late  environment  looks  promising,  as  regards  cleanliness  for  most  optical  ap¬ 
plications,  yet  there  are  disturbing  hints  from  the  video  data  on  STS-3  and 

camera  data  of  STS-4  that  the  particulates  may  pose  a  problem  for  some  experi¬ 

ments  or  after  certain  on-orbit  procedures. 

It  appears  that  the  large  variabilities  in  the  natural  and  Shuttle  in¬ 
duced  environment  in  these  early  missions  have  created  additional  complications 
in  correlating  the  measurements  of  different  observers.  Thus,  many  questions 
remain.  Nevertheless,  it  is  clear  that  the  Shuttle  environment  is  a  hospitable 
one  for  many  applications,  and  it  still  remains  to  be  clarified  how  far  one  can 
go  with  the  most  environmentally  demanding  Shuttle  payloads. 
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Note  added  in  proof: 

Discussions  of  several  aspects  of  the  Shuttle  Environment  during  the 
early  missions  are  now  appearing  in  the  literature.  These  include: 

Pickett,  J.S.,  Murphy,  G.B.,  Kurth,  W.S.,  Goertz,  C.K.,  and 
Shawhan,  S.D.,  "Effects  of  Chemical  Releases  by  the  STS  3  Orbiter  on  the 
Ionosphere,"  Journal  of  Geophysical  Research,  Vol .  90,  Apr.  1985, 
pp.  3487-3497 

Siskind,  D.E.,  Raitt,  W.J.,  Banks,  P.M.,  and  Williamson,  P.R., 
"Interactions  Between  the  Orbiting  Shuttle  and  the  Ionsosphere," 
Planetary  and  Space  Science,  Yol .  32,  July  1984,  pp.  881-896 

Ehlers,  H.K.F.,  Jacobs,  S.,  Leger,  L.J.,  and  Miller,  E. ,  "Space  Shuttle 
Contamination  Measurements  from  Flights  STS-1  through  STS-4,"  Journal  of 
Spacecraft  and  Rockets,  Vol.,  21,  May-June  1984,  pp.  301-308 

Torr,  M.R.,  and  Torr,  D.G.,  "A  Preliminary  Spectroscopic  Assessment  of 
the  Spacelab  1/Shuttle  Optical  Environment,"  Journal  of  Geophysical 
Research,  Vol.  90,  Feb.  1985,  pp.  1683-1690. 

Recent  observations  of  the  Glow  above  Shuttle  tile  surfaces  indicate  a  broad 
spectral  emission.  Excited  nitrogen  dioxide  (NOg)  catalytically  formed  upon 
Ram  surfaces  has  been  suggested  as  a  potential  source  of  the  gas  phase 
emission  by  Swenson,  G.R.,  Mende,  S.B.,  and  Clifton,  K.S.,  "Ram  Vehicle  Glow 
Spectrum;  Implication  of  NO2  Recombination  Continuum,"  Geophysical  Research 
Letters,  Vol.  12,  Feb.  1985,  pp.  97-100. 
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FIGURE  CAPTIONS 

Figure  1  Envelope  of  H2O  count  rate  over  the  duration  of  the  flight  of  STS-4. 
(Ref.  3.) 


Figure  2  Variation  in  measured  helium  and  argon  as  instrument  angle  of  attack 
varies  from  170  deg  to  10  deg.  (Ref.  3.) 


Figure  3a  STS-4  geometry  of  some  contamination  survey  positions. 


Figure  3b  STS-4  H2O  counts  during  contamination  survey.  (Ref.  3.) 


Figure  4a  Orbit  4.6  measurements  of  N2,  H2O  and  the  pressure  monitor  exhibiting 
effects  of  the  Vernier  and  OMS  bums.  (Ref.  5.) 


Figure  4b  Orbit  4.6  measurements  of  hydrogen  showing  clear  increases  due  to 
engine  firings.  (Ref.  5.) 


Figure  5  The  average  H2O  currents  and  sensor  temperature  measurements  J 
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Ni 

throughout  flight.  (Ref.  5.)  £ 
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Figure  6  Orbit  5.4  daytime  measurements  of  0+,N+  and  H20+,  and  the  density  * 
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monitor.  (Ref.  5.)  f 
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Figure  7a  The  collected  ion  currents  in  the  bay  for  the  ion  species  with  atomic  I 
masses  of  16  and  18  for  orbit  34.  (Ref.  4.)  ! 

Figure  7b  The  heavy  mass  ions  measured  on  orbit  34.  The  ions  with  masses  18 

I 

(f^O*)  and  44  (CO 2+)  are  STS-3  borne  contaminants.  (Ref.  4.) 

Figure  8  Induced  environment  contamination  monitor  OFT/DFI  and  Spacelab  VFI 

unit.  (Ref.  18.)  TQCM  and  CQCM  are  temperature-controlled  and  cry¬ 
ogenic  quartz  crystal  microbalances  respectively. 


Figure  9  Passive  sample  array  particle  distributions.  (Ref.  13.) 


Figure 


Figure 


Figure 


Figure 


10  Passive  sample  array:  particle  size  distributions  for  STS-4, 
combined  mission  operations.  (Ref.  14.) 

11  A  summary  of  the  contamination  observed  during  the  first  48  hr 
combined  from  the  STS-2,  -3,  and  -4  missions.  (Ref.  13.) 

12  Potential  energy  diagram  for  X,  A,  and  B  electronic  states  involved 
in  nitrogen  recombination  glow  mechanism. 

13  The  emission  from  electron-irradiated  air  at  1/4  m  torr  pressure. 


(Ref.  47.) 
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ATOMIC  RECOMBINATION  INTO  EXCITED  MOLECULAR 


A  POSSIBLE  MECHANISM  FOR  SHUTTLE  GLOW 


Byron  David  Green 


Physical  Sciences  Inc. 


Abstract.  A  class  of  mechanisms  is  presented 
which  could  give  rise  to  the  observed  glow  above 
Shuttle  surfaces  exposed  to  energetic  collisions 
with  ambient  atmospheric  constituents  as  the 
Shuttle  sweeps  through  its  orbit.  The  collision- 
al  energies  involved  are  sufficient  to  dissociate 
atmospheric  N2  upon  impact  with  the  Shuttle  sur¬ 
faces.  The  N-atoms  formed  can  recombine  on  or 
over  the  surfaces  to  produce  high  vibrational 
levels  of  the  N2  A(3£u+)  electronic  state.  At 
Shuttle  altitudes,  collisional  quenching  is  neg¬ 
ligible  and  the  metastable  N2(A,  high  v)  mole¬ 
cules  slowly  radiatively  decay  to  form  N2  B ( 3 Hg ) 
molecules  on  a  millisecond  time  scale.  The  B 
state  molecules  then  rapidly  radiate  to  the  A 
state  producing  the  red  N2  First  Positive  Bands. 
This  mechanism  can  explain  both  the  spatial  and 
spectral  distributions  of  the  observed  glow. 

Glow  Observations 
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One  of  the  most  surprising  observations  on  the 
early  missions  of  the  Space  Transportation  System 
(STS)  was  the  presence  of  a  glow  above  the  sur¬ 
faces  of  the  Shuttle  during  passive  operational 
periods.  This  phenomenon  was  observed  on  STS-3 
by  Banks  and  co-workers  [1983].  Observations  on 
later  Shuttle  missions  have  been  performed  by 
Mende  [1983a,b,  1984]  to  quantify  its  nature.  A 
visible  glow  has  also  been  observed  by  the  Atmo¬ 
spheric  Explorer  (AE)  C  and  E  satellites  [Yee  and 
Abreu,  1982,  1983],  and  by  the  Dynamics  Explorer 
(DE)  B  satellite  [Langhoff  et  al.,  1983;  Abreu  et 
al.,  1983]  .  The  large  satellite  data  base  has 
permitted  assignment  of  OH  emission  as  the  source 
of  that  glow.  The  limited  Shuttle  data  base  in¬ 
dicates  that  0H( v )  emission  probably  is  not  the 
the  source  of  the  glow  above  Shuttle  surfaces. 

The  Shuttle  glow  is  seen  on  surfaces  undergo¬ 
ing  energetic  collisions  with  the  ambient  atmos¬ 
phere,  i.e.,  in  the  ram  direction.  Data  from 
STS-4  [Mende,  1983b]  clearly  showed  a  dependence 
of  intensity  with  respect  to  the  angle  of  attack. 
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No  glow  was  observed  when  observed  surfaces  were 
in  the  wake  or  shadowed  by  shuttle  structures. 
Photographic  data  on  Shuttle  has  quantified  the 
spatial  distribution  of  the  glow.  Preliminary 
estimates  [Banks  et  al.,  1983]  of  5-10  cm  extent 
above  the  surface  have  been  revised  to  20  cm  in  a 
careful  analysis  by  Yee  and  Dalgarno  [1983].  The 
extent  of  the  glow  has  been  interpreted  to  repre¬ 
sent  the  region  over  which  excited  species  are 
emitting--the  product  of  the  emitter  velocity  and 
radiative  lifetime  of  the  excited  state.  If 
radiators  leave  the  surface  at  thermal  veloci¬ 
ties,  then  the  corresponding  radiative  lifetimes 
are  less  than  a  millisecond,  if  their  exit  vel¬ 
ocity  is  faster,  the  lifetime  is  shorter  still, 
approaching  50  jjs  if  the  atmosphere/surface  in¬ 
teraction  is  elastic.  The  spectral  distribution 
of  the  glow  has  also  been  measured.  Mende 
[I983a,b]  has  reported  that  the  glow  is  a  nearly 
continuous  spectrum  (for  a  resolution  of  ~  1 5  nm) 
and  increases  in  intensity  to  the  red  out  to  a 
800  nm  detection  limit. 

Possible  Mechanisms 

Atomic  oxygen  is  the  dominant  atmospheric  com¬ 
ponent  at  orbital  altitudes.  It  has  thus  been 
widely  considered  as  the  reactive  source  of  the 
Shuttle  glow.  Molecular  nitrogen  is  present 
also,  comprising  28%  of  the  atmosphere  at  240  km 
and  14%  at  305  km.  (These  are  the  average  alti¬ 
tudes  of  STS-3  and  -5,  respectively)  .  The  corre¬ 
sponding  N2  number  densities  from  the  U.S.  Stan¬ 
dard  Atmosphere  [1976]  are  7  x  108  and  8  x  107 
molecules/cm^ .  The  Shuttle  orbital  velocity  is 
8x10^  cm/s .  Thus  as  the  shuttle  sweeps  through 
the  tenuous  atmosphere,  the  atmospheric  species 
energetically  impact  its  surface.  For  oxygen 
atoms,  the  energy  of  the  collision  is  5  eV  on 
average,  but  the  atomic  oxygen  velocity  vector 
(c  =  l05  cm/s)  will  provide  a  distribution  of 
collision  energies  (3. 8-6. 3  eV )  .  These  energetic 
0-atoms  can  react  with  Shuttle  surfaces  to  pro¬ 
duce  new  chemical  species  which  could  give  rise 
to  the  glow.  Nitrogen  molecules  will  have  a  col- 
lisional  energy  of  9.3  ±  2  eV,  comparable  with 
their  dissociation  energy  of  9.8  ev,  and  thus  may 
dissociate  upon  impact,  with  the  atoms  remaining 
adsorbed  to  the  surface.  Let  us  now  consider  the 
interactions  of  atoms  and  surfaces. 
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The  energy  partitioning  in  the  interaction  of 
gases  with  adsorbed  atoms  has  been  studied  for 
many  years.  In  the  Langmuir-Henshelwood  (LH) 
type  process,  both  atoms  are  adsorbed  on  the  sur¬ 
face  after  collision.  They  then  migrate  over  the 
surface,  react,  and  escape  into  the  gas  phase. 

The  level  of  excitation  in  the  escaped  molecule 
depends  on  reaction  exothermicity  and  the  nature 
of  the  surface  adsorption.  When  surface  coverage 
by  adsorbed  atoms  is  great,  an  incident  gas-phase 
atom  is  likely  to  strike  an  adsorbed  atom  and 
form  a  molecule  which  escapes  into  the  gas  phase. 
This  is  called  a  Rideal  process.  This  interac¬ 
tion  time  is  short  do-12  s)  and  little  energy 
partitioning  with  the  surface  can  occur.  The 
newly  formed  molecule  can  possess  a  large  frac¬ 
tion  of  its  bonding  energy. 

Both  Rideal  and  LH  processes  have  been  observ¬ 
ed  to  give  rise  to  electronically  excited  mole¬ 
cules,  such  as  N2  and  O2  [Mannella  and  Harteck, 
1961],  over  a  variety  of  surfaces  including  glass 
[Evenson  and  Burch,  1960]  and  metals  [Mannella 
et  al. ,  I960].  The  creation  of  these  recombined 
molecules  into  electronically  excited  states  sug¬ 
gests  a  very  short  surface  residence  time  for  the 
newly  formed  species,  and  indicates  that  recom¬ 
bination  and  desorption  are  part  of  a  single 
physical  process  [Thorman  et  al.,  1980],  A  de¬ 
tailed  investigation  of  the  energy  accommodated 
by  N-atoms  has  been  studied  by  Halpern  and  Rosner 
[1982],  They  found  that  both  Rideal  and  LH  proc¬ 
esses  occur  over  a  single  surface  under  different 
physical  conditions.  The  level  of  product  exci¬ 
tation  will  thus  depend  on  the  nature  of  the  sur¬ 
face  and  of  surface  coverage  and  temperature. 

The  most  likely  emitting  species  resulting 
from  chemical  reactions  of  energetic  atmospheric 
components  on  Shuttle  surfaces  are  vibrationally 
excited  OH,  CO  and  electronically  excited  N2- 

Hydroxyl  radicals  were  postulated  as  a  glow 
source  for  the  Shuttle  by  Slanger  [1983].  Vibra¬ 
tional  states  emitting  in  the  red  (v'  =  6-8, 
iv  =  5)  have  radiative  lifetimes  of  between  4  and 
10  ms  [Mies,  1974;  Langhoff,  et.  al.,  1983].  The 
careful  analysis  of  the  Shuttle  glow  by  Yee  and 
Dalgarno  [1983]  yielded  a  lifetime  of  0.67  ms  for 
thermal  velocity  emitters,  suggesting  liiat  OH  is 
not  the  Shuttle  glow  source.  Although  the  OH 
Meinel  vibrational  bands  do  have  the  proper 
coarse  spectral  distribution  to  match  both  satel¬ 
lite  and  Shuttle  glow  observations,  they  exhibit 
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spectral  structure  which  should  have  been  par¬ 
tially  resolved  in  Mende's  [1984]  spectral  obser¬ 
vations.  Thus  OH  seems  to  be  precluded  as  the 
source  of  the  Shuttle  glow  due  to  radiative  life¬ 
time  and  spectral  structure. 

Carbon  monoxide  is  another  species  which  could 
give  rise  to  the  glow.  Surface  materials  con¬ 
taining  carbon  have  been  shown  by  Leger  [1983]  to 
undergo  appreciable  mass  loss  on-orbit,  vibra- 
tionally  excited  CO  could  arise  from  the  interac¬ 
tion  of  energetic  O-atoms  with  carbon-containing 
Shuttle  surfaces.  Vibrational  transitions  with 
Av  =  6-8  would  fall  in  the  600-850  nm  region,  and 
should  rise  in  intensity  to  the  red  as  the  tran¬ 
sition  probability  increases  with  decreasing  Av. 
These  overtones  are  not  as  strong  as  the  corre¬ 
sponding  transitions  in  OH.  The  radiative  life¬ 
times  are  comparable  to  those  for  OH,  and  thus 
perhaps  too  long  to  explain  the  Shuttle  observa¬ 
tions.  unlike  OH,  however,  the  CO  spectral  dis¬ 
tribution  would  be  more  continuous,  because  band- 
widths  are  comparable  to  their  separations. 

Thus,  CO  emission  could  be  a  constituent  of 
shuttle  glow  over  surfaces  which  undergo  appreci¬ 
able  mass  loss.  The  glow,  however,  is  observed 
even  over  surfaces  not  containing  carbon  (such  as 
aluminum)  and  which  do  not  suffer  significant 
mass  loss  (painted  surfaces)  [Mende,  1984]  . 

we  suggest  here  another  source  for  the  glow-, 
atomic  recombination  into  electronically  excited 
molecular  states.  Atmospheric  N2  can  dissociate 
upon  its  collision  with  Shuttle  surfaces.  The 
N-atoms  then  may  recombine  to  form  highly  vibra- 
tionally  excited  N2(A)  molecules.  The  surface 
will  incompletely  accommodate  the  9.8  eV  reaction 
exothermicity  and  the  molecule  will  leave  highly 
excited.  The  degree  of  energy  accommodation,  and 
thus  residual  excitation,  will  depend  on  the 
nature  of  the  surface.  Some  fraction  of  the  ex¬ 
citing  molecules  will  leave  in  the  A^IU+  state. 
Gas  phase  emissions  observed  in  the  laboratory 
[See  Golde  and  Thrush,  1973]  are  the  result  of 
collisional  processes  quenching  high  lying  A 
vibrational  states  to  form  vibrationally  excited 
B  state  molecules  (see  levels  in  Figure  1). 

Collisional  processes  probably  will  not  be 
significant  above  shuttle  surfaces.  At  shuttle 
altitudes,  the  ambient  mean  free  path  between 
collisions  is  kilometers.  Surface  reflections 
and  thermalized  velocities  may  decrease  this 
pathlength  by  an  order  of  magnitude.  In  the 
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absence  of  collisions,  however,  highly  excited  A 
state  molecules  can  still  radiatively  decay  to 
lower  levels  of  the  B  state  as  indicated  in  Fig¬ 
ure  1  ,  These  reverse  First  positive  (A  -*•  B) 
transitions  have  not  been  observed,  but  have  been 
estimated  to  occur  and  to  be  important  in  auroras 
[Gilmore,  1969;  Mulliken,  1957;  Cartwright, 

1978].  These  transitions  are  less  strongly 
allowed  than  B-A  and  radiative  lifetimes  are 
estimated  to  be  a  few  orders  of  magnitude  slower, 
in  the  10~2  _  io~4  s  range.  Thus  the  postulated 
mechanism  for  glow  above  Shuttle  surfaces  is  that 
the  N-atoms  recombine  on  the  Shuttle  surfaces 
with  varying  degrees  of  energy  accommodation. 

The  newly  formed  N2  molecule  then  leaves  the  sur¬ 
face  in  the  A  state  with  a  considerable  portion 
of  the  reaction  exothermicity .  These  highly 
vibrationally  excited  A  state  molecules  slowly 
radiate  (in  the  infrared  between  2  and  6  urn)  into 
vibrationally  excited  B  states.  These,  in  turn, 
rapidly  radiatively  decay  (6-8  us)  giving  rise  to 
First  Positive  band  radiation.  Nearly  all  of  the 
9.8  ev  reaction  exothermicity  may  be  available  in 
the  N2  product.  Some  small  (<  1  eV)  energy  will 
be  lost  to  overcome  bonding  to  surface. 

A  spectrum  of  N2  B  -►  A  emission  with  5  nm  res¬ 
olution  is  presented  in  Figure  2.  This  spectrum 
was  obtained  by  electron  irradiating  an  N2/O2 
mixture  of  total  density  1  x  1013  molecules/cm3 
(0.3  mtorr)  [Green,  et  al.,  1983).  This  partic¬ 
ular  spectrum  is  not  meant  to  accurately  repre¬ 
sent  the  N2  recombination  glow  above  the  Shuttle 
surfaces,  but  merely  to  demonstrate  the  possibil¬ 
ity  that  this  process  may  play  a  role. 

In  addition  to  N2  B  A  features,  various 
ionic  bands  are  present  in  the  laboratory  spec¬ 
trum  due  to  energetic  electron  impact.  These 
ionic  states  would  not  be  created  in  molecule/ 
Shuttle  collisions  because  of  energetic  con¬ 
straints.  The  intensity  onset  in  the  red  and  the 
rise  to  longer  wavelengths  agree  with  Shuttle 
glow  spectral  observations  [Mende,  1984].  The 
observed  structure  in  the  laboratory  spectrum 
will  decrease  under  poorer  resolution  and  as 
rotational  and  vibrational  temperatures  increase, 
as  would  be  the  case  for  the  Shuttle. 

M.  Torr  and  D.  Torr  [1984]  have  presented  a 
preliminary  analysis  of  emissions  which  were 
observed  by  their  Imaging  Spectrometric  Observa¬ 
tory  during  the  Spacelab  mission.  They  observed 
a  bright  glow  above  surfaces  of  their  experiment 
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(not  the  Shuttle  surfaces  per  se) .  They  tenta¬ 
tively  assigned  N2  First  Positive  Bands  as  the 
dominant  contributor  to  their  spectrum  in  the 
red/near  infrared  region.  This  observation  may 
indicate  that  collisional  excitation  mechanisms 
play  a  role  over  surfaces  exposed  to  the  atmos¬ 
pheric  velocity  vector.  The  satellite  observa¬ 
tions  of  AE  and  DE  do  not  support  this  recombina¬ 
tion  mechanism,  however. 

Mende  [1983b]  has  stated  that  the  glow  on  the 
STS-5  rear  engine  pod  was  several  hundred  kilo- 
rayleighs  within  the  bandpass  of  his  instrument. 
Based  on  this  observation  we  can  crudely  estimate 
the  efficiency  required  for  production  of  N2* 
from  collisions  of  ambient  N2  with  the  Shuttle 
surface.  Three  hundred  kilorayleighs  (3  x  1011 
photons/  cm2  s)  are  emitted  in  a  column  about  10 
m  long  when  looking  along  the  Shuttle  tail,  giv¬ 
ing  a  volume  emission  rate  of  3  x  1 0®  photons/cm3 
s.  If  excited  state  species  are  radiatively  de¬ 
caying  to  produce  this  glow  over  a  20  cm  layer, 
then  the  emitter  flux  off  the  surface  would  be 
greater  than  6  x  109  emitters/cm2  s,  where  the 
inequality  results  from  the  possibility  of  emis¬ 
sion  occurring  outside  of  the  instrumental  band¬ 
pass.  The  total  emitter  flux  may  be  as  high  as 
1-2  x  1010  emitters/cm2  s. 

At  305  km  altitude  where  this  emission  intens¬ 
ity  was  observed,  the  atmospheric  nitrogen  flux 
is  6  x  1013  molecules/cm2  s.  These  ambient  mole¬ 
cules  have  a  random  thermal  velocity  distribu¬ 
tion.  Depending  on  che  atmospheric  temperature 
only  a  certain  fraction  (12-18%)  of  the  molecules 
will  undergo  sufficiently  energetic  collisions 
with  the  Shuttle  surfaces  to  dissociate  the  mole¬ 
cule.  The  molecules  impinging  on  the  Shuttle 
surface  with  enough  energy  to  dissociate  must 
eventually  give  rise  to  an  exit  flux  of  1 -2  x 
lO’O  N2  (A,  high  v)  molecules/cm2  s.  Thus,  only 
one  collision  in  500-1000  must  eventually  result 
in  metastable  formation. 

The  collisional  mechanism  forming  N2  (A,  high 
v)  would  be  the  most  likely  source  for  N2  emis¬ 
sions  in  the  Shuttle  glow.  If  energy  partition¬ 
ing  between  the  accessible  electronic  states 
occurs  as  the  newly  formed  N2  leaves  the  surface, 
other  allowed  transitions  could  result  from  popu¬ 
lation  of  the  w,  a’,  and  a  states.  Emissions 
from  other  electronic  states  as  detected  by 
future  VUV-IR  observations  will  provide  insight 
into  the  different  surface-molecule  interactions. 
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Oxygen  atoms  from  the  ambient  flax  will  also 
be  adsorbed  on  Shuttle  surfaces.  Unlike  N2 ,  all 
O2  electronic  states  lying  below  the  dissociation 
energy  can  be  created  in  recombination.  Unfor¬ 
tunately,  no  allowed  radiative  transitions  con¬ 
nect  these  states.  O2*  emission  is  not  a  likely 
source  of  the  observed  Shuttle  glow  due  to  long 
radiative  lifetimes,  spectral  distribution,  and 
susceptibility  to  collisional  dissociation  by  en¬ 
ergetic  atmospheric  species.  If  these  states  are 
created,  they  could  pose  a  serious  optical  prob¬ 
lem  because  their  lower  intensity  glow  layer 
could  extend  tens  of  meters,  potentially  inter¬ 
fering  with  measurements  from  any  shuttle  loca¬ 
tion. 

Heterogeneous  recombination  of  N  and  0  atoms 
can  form  electronically  excited  NO.  Neither  the 
spectral  distributions  nor  lifetimes  of  NO*  fit 
the  observed  glow.  If  the  surface  does  not  play  a 
role  in  partitioning  the  energy,  only  emission  in 
the  infrared  would  be  observed.  if  electronic 
energy  partitioning  occurs  near  the  surface  then 
the  A,  B,  and  C  states  which  emit  in  the  UV  could 
also  be  formed.  The  glow  then  would  depend  on 
the  nature  of  the  surface  and  NO  emission  could 
appear  as  a  bright  thin  layer  over  certain  sur¬ 
faces  . 

Conclusions 

We  have  identified  a  class  of  mechanisms  which 
can  produce  emission  which  matches  the  observed 
Shuttle  glow  characteristics.  Nitrogen  First 
Positive  (B  A)  fluorescence  is  proposed  as  the 
most  prominent  emission  from  recombination  of  N- 
atoms  under  Shuttle  conditions,  other  emissions 
(such  as  N2  a  +  X,  W-B;  NO  6 ,  6  bands)  are  pos¬ 
sible  contributors  depending  on  the  nature  of  the 
surf ace- ( recombining  molecule)  interaction.  Only 
1  collision  in  500  of  atmospheric  N2  with  the 
shuttle  surfaces  must  produce  N2  (A)  in  order  to 
explain  the  observed  intensities.  This  mechanism 
would  exhibit  an  intensity  variability  dependent 
on  the  nature  of  the  surface  material. 

It  is  likely  that  several  mechanisms  involving 
0  or  N2  are  simultaneously  occurring  over  various 
Shuttle  surfaces  and  that  any  one  may  dominate 
under  certain  conditions.  The  key  to  our  under¬ 
standing  the  glow  phenomenon  lies  in  an  extended 
data  base  which  includes  improved  spatial,  spec¬ 
tral  and  surface  specific  observations.  Atomic 
recombination  as  a  source  of  the  glow  depends  on 
the  interaction  of  the  shuttle  with  the  ambient 


atmosphere  and  unlike  contamination-induced  glow 
can  not  be  overcome  by  simple  preventative  mea¬ 
sures.  Consequently,  the  glow  could  have  a  sig¬ 
nificant  impact  over  a  wide  range  of  altitudes  on 
the  instruments  which  hope  to  use  shuttle  as  a 
remote  optical  observatory. 
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Fig.  1 .  The  N2  recombination  glow  mechanism.  N 
atoms  are  formed  by  N2  impact  with  shuttle  sur¬ 
faces  at  collisional  energies  shown  on  right.  A 
fraction  of  the  atoms  recombine  into  the  A  state 
at  high  vibrational  levels.  These  slowly  radiate 
to  the  B  state.  The  molecules  in  the  B  state 
then  rapidly  radiate  back  to  low  levels  of  the  A 
state  giving  First  Positive  emission. 

Fig.  2.  The  emission  from  electron-irradiated 
air  at  0.3  mtorr  pressure  is  dominated  by  N2 
First  Positive  emission  which  rises  to  the  red. 
Data  taken  on  LABCEDE  facility  at  Air  Force  Geo¬ 
physics  Lab  [Green  et  al.,  1983]. 
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SPECTRAL  IDENTIFICATION/ELIMINATION  OF  MOLECULAR 
SPECIES  IN  SPACECRAFT  GLOW 

B.  D.  Green,  W.  J.  Marinelli,  and  W.  T.  Rawlins 
Atmospheric  Sciences  Group,  Physical  Sciences  Inc. 

Abstract.  We  have  developed  computer  models  of  molecular  elec¬ 
tronic  and  vibrational  emission  intensities.  Known  radiative  emission 
rates  (Einstein  coefficients)  permit  the  determination  of  relative 
excited  state  densities  from  spectral  intensities.  These  codes  have 
been  applied  to  the  published  spectra  of  glow  above  shuttle  surfaces 
[Swenson  et  al.,  1985]  and  to  the  Spacelab  1  results  of  Torr  and  Torr 
[1985].  The  theoretical  high-resolution  spectra  have  been  convolved 
with  the  appropriate  instrumental  slit  functions  to  allow  accurate 
comparison  with  data.  The  published  spacelab  spectrum  is  complex  but 
N2+  Meinel  (A+X)  emission  can  be  clearly  identified  in  the  ram  spec¬ 
trum.  N2  First  Positive  emission  does  not  correlate  well  with 
observed  features,  nor  does  the  CN  Red  System.  Spectral  overlay  com¬ 
parisons  are  presented.  The  spectrum  of  glow  above  shuttle  surfaces, 
in  contrast  to  the  ISO  data,  is  not  highly  structured.  Diatomic 
molecular  emission  has  been  matched  to  the  observed  spectral  shape. 
Source  excitation  mechanisms  such  as  (oxygen  atom) -( surface  species) 
reaction  product  chemiluminescence,  surface  recombination,  or  reso¬ 
nance  fluorescent  re-emission  will  be  discussed  for  each  tentative 
assignment.  These  assignments  are  the  necessary  first  analytical  step 
toward  mechanism  identification.  Different  glow  mechanisms  will  occur 
above  surfaces  under  different  orbital  conditions.  Effective  remedial 
actions  can  only  be  planned  once  the  glows  have  been  characterized. 

Introduction 

while  it  is  clear  that  a  more  extensive  database  is  required  in 
order  to  characterize  spacecraft  glows,  considerable  insight  into 
potential  mechanisms  can  be  gained  by  careful  analysis  of  existing 
data  to  extract  all  the  information  contained  therein.  We  present 
here  our  preliminary  spectral  analyses  of  the  published  ISO  data  on 
Spacelab  1  [Torr  and  Torr,  1985]  and  the  spectrum  from  Lockheed's 
hand-held  spectrophotometer  on  STS  41-D  [Swenson  et  al.,  1985].  Spec¬ 
tral  predictions  are  made  for  various  molecular  electronic  and  vibra¬ 
tional  emission  bands  and  compared  with  the  data.  The  particular 
emitters  were  chosen  as  likely  candidates  in  a  kinetic  review  of  the 
shuttle  local  environment.  This  review  considered  various  classes  of 
mechanisms  that  could  occur  both  above  and  on  shuttle  surfaces. 

Because  glows  have  been  observed  over  a  variety  of  surfaces,  chemical 
reactions  with  the  surface  materials  were  not  highlighted  in  this 
review.  They  will  be  considered  in  a  future  paper  [Green  et  al., 
1985a].  Our  comparison  of  spectral  predictions  with  observations 
clearly  eliminates  many  potential  radiators  (such  as  N2  First  Positive 
and  CN  Red  Systems),  clearly  identifies  other  features  as  far-field 
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atmospheric  emissions  (such  as  N2'f  Meinel  and  First  Negative),  and 
suggests  other  potential  radiators  (such  as  vibrational  overtones  of 
CO  and  NO  in  addition  to  OH) .  We  will  present  these  comparisons  after 
our  kinetic  review. 

Potential  Chemical  Excitation  Mechanisms 

The  variety  of  chemical  processes  1  t  could  be  occurring  in  the 
local  shuttle  environment  is  shown  schematically  in  Figure  1 .  As  the 
ambient  atmospheric  0  and  N2  enter  the  local  shuttle  cloud  (at  a  rela¬ 
tive  velocity  8  km/s),  they  can  strike  gas-phase  contaminants  and 
react  with  or  collisionally  excite  them.  A  major  portion  of  the 
atmospheric  flux  reaches  the  surface  where  it  can  excite  or  react  with 
adsorbed  species  on  shuttle  surfaces.  If  the  atmospheric  N2  strikes  a 
bare  surface  site  it  can  dissociate  on  impact  [Green,  1984].  Atomic 
oxygen,  if  slowed  by  gas-phase  collisions,  can  also  be  adsorbed. 
Surface  recombination  and  desorption  could  then  give  rise  to  emis¬ 
sions.  Finally,  the  ambient  atmospheric  species  can  react  with  sur¬ 
face  materials.  In  the  gaseous  contaminant  cloud,  the  prevalent 
species  have  been  measured  to  be  H2O  and  CO2  [Miller,  1983;  Narcisi 
et  al.,  1983],  although  He,  O2,  Ar,  freons,  cleaning  agents  and  other 
species  have  also  been  detected  in  trace  amounts .  H2O  is  dominantly 
attributable  to  outgassing  and  the  flash  evaporator  system  releases. 
The  most  likely  gas  phase  reactions  are 


h2o 

+  0  -*■  OH(  v) 

+  OH(  v) 

AH298  =  +  0*7  eV 

(1  ) 

co2 

+  0  -*■  CO(  v) 

+  o2 

AH29g  m  +  0.35  eV 

(2) 

and  in  the  reflected  atmospheric  shocklayer: 

N2  +  0  *  NO( v)  +  N  AH298  *  +  3.2  eV  .  (3) 

Even  though  all  these  processes  are  endothermic,  in  the  ram  velocity 
vector  the  kinetic  energies  involved  in  the  collisions  are  sufficient 
(5.2  ±  1  eV)  to  permit  the  reactions  to  proceed.  In  particular,  the 
reverse  reaction  (1)  is  reasonably  fast  (k_i  =  1.8  x  lO-1^  cm3/s), 
while  the  forward  reaction  involving  0  is.  extremely  rapid  (k4 
=  9.9  x  10-11  cm^/s ) ; 

CX’d)  +  H20  OH  +  OH  AH298  =  -  1  .2  eV  .  (4) 

Thus,  the  possibility  exists  for  creating  vibrationally  excited  CO  and 
OH  from  these  gas-phase  reactions.  In  addition  to  reaction,  processes 
1  and  2  could  simply  lead  to  vibrationally  excited  H2O  and  CO2 
(resulting  in  infrared  emission).  These  vibrational  excitation  cross 
sections  have  been  measured  to  be  large  [Dunn  et  al.,  1975]  at  some¬ 
what  lower  translational  energies  (4-6  km/s).  Radiance  levels  can  be 
estimated  from  these  cross  sections,  contaminant  levels,  and  atmo¬ 
spheric  fluences  to  be  less  than  *.00  kR  in  the  infrared.  Overtone 
emission  in  the  visible  will  be  much  weaker  and  should  make  negligible 
contributions  to  visible  glow  spectra.  Gas-phase  chemical  reactions 
do  not  occur  at  a  sufficient  rate  to  generate  significant  glow 


intensities.  For  contaminant  column  densities  of  2  x  1012  cm-2  and 
assuming  (1)  rate  constants  0.01  gas  kinetic  and  (2)  that  1%  of  the 
product  molecules  are  excited  and  emit  in  the  visible,  total  glow 
intensities  of  hundreds  of  Rayleighs  are  predicted.  Stated  in  another 
manner,  only  1%  of  the  incoming  ambient  flux  undergoes  collisions  with 
the  H2O  contaminant  cloud.  However,  if  the  column  densities  were  con¬ 
siderably  higher  due  to  ram  pressure  build  up,  then  gas-phase  chemical 
reactions  could  contribute  to  the  glow.  The  spatial  extent  of  the 
glow  for  these  processes  would  reflect  the  contamination  concentration 
gradients  above  the  surfaces . 

An  additional  gas-phase  glow  has  been  observed  during/after 
thruster  firings.  The  thruster  equilibrium  exhaust  concentrations  are 
calculated  as  33%  H20,  31%  N2,  17%  H2,  13%  CO,  and  4%  CO2,  with  traces 
of  H,  O2,  and  monomethylhydrazine-N03 .  However,  radicals  will  be  pro¬ 
duced  in  high  concentrations  during  the  thruster  firing  and  will 
persist  in  this  environment.  Likely  candidates  are  OH  and  NH2.  NH2 
has  a  structured  emission  spectrum  in  the  yellow  region  of  the  visi¬ 
ble.  During  thruster  firings  exhaust  species  leave  the  nozzle  at  an 
average  velocity  of  3.5  x  10®  cm/s.  If  the  thruster  exhaust  is 
directed  into  the  ram,  large  collisional  energies  can  result.  For 
example,  the  reaction 

N2  (thruster)  +  0  +  NO(v)  +  0  AH298  =  +  3.2  ev  (3) 

could  occur  at  collisional  energies  of  up  to  6.5  eV.  Under  these 
conditions  up  to  15  quanta  of  vibrational  energy  in  NO  could  be 
excited.  Additional  processes  such  as 

O  +  H2  +  OH  +  H  &H298  *  +  0.1  eV  (exothermic)  (5) 

N2  +  H2  >  NH  +  N  +  H  AH298  =  +  10.7  eV  (6) 

N2  +  H2  ♦  NH2  +  N  &H298  =  +  6*9  eV  (7) 

can  occur.  Due  to  the  high  concentrations  of  neutrals  released  in  a 
typical  RCS  thruster  firing  (102^  molecules  in  80  ms),  hundreds  of 
kilorayleighs  of  radiance  could  easily  arise,  even  assuming  only  one 
collision  in  10®  leads  to  a  visible  photon.  In  summary,  gas-phase 
chemiluminescent  reactions  can  easily  account  for  observed  bright 
flashes  associated  with  thruster  events.  If  thruster  effluents  are 
trapped  above  ram  surfaces,  these  concentration  enhancements  could 
give  rise  to  detectable  chemiluminescent  glows.  Outgassing/off gassing 
contamination  levels  appear  to  be  sufficiently  small  so  that  gas-phase 
reactions  of  these  species  cannot  explain  observed  radiance  levels  in 
the  visible.  The  relative  importance  of  various  processes 
contributing  to  the  glow  may  change  in  other  spectral  regions. 

All  of  these  gas-phase  species  will  be  adsorbed  to  some  extent  on 
shuttle  surfaces.  Self-contamination  has  long  been  recognized  as  a 
problem  [Scialdone,  1972]  because  the  mean-f ree-path  between 
collisions  is  large  enough  for  molecules  from  localized  contamination 
sources  to  be  collisionally  backscattered  over  large  areas  of  the 
shuttle.  Mass  spectrometric  observations  in  the  cargo  bay  detect 
remote  thruster  firings,  refrigerant,  and  He  leaks.  The  degree  of 
adsorption  of  a  given  species  is  surface-specific.  However,  H20,  the 
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most  prevalent  gas-phase  contaminant,  is  notorious  for  being  easily 
physisorbed  on  a  host  of  surfaces.  Carbon  dioxide,  carbon  monoxide, 
nitrogen,  and  hydrogen  are  also  likely  to  be  present  in  order  of 
decreasing  concentration.  These  physisorbed  species  are  dynamically 
moving  over  surface  sites,  creating  a  surface  consisting  of  both 
occupied  and  bare  bonding  sites.  The  molecules  in  the  ambient  flux 
continuously  strike  the  shuttle  surface  sites.  For  a  polished  sur¬ 
face,  there  are  lO1^  sites/cm^  and  at  250  km;  an  ambient  oxygen  atom 
will  strike  a  surface  site  once  a  second  on  average .  For  rougher  sur¬ 
faces,  the  number  of  surface  sites  can  be  much  greater.  Ambient  0  or 
N2  may  not  react  or  collisionally  desorb  these  species  with  unit 
efficiency.  Thus,  if  contaminant/effluent  molecules  are  adsorbed  on 
tile  surfaces,  it  may  take  minutes  or  even  hours  for  the  ambient  flux 
to  "clean"  the  surface.  Contaminant  mobility  on  the  surface  will 
allow  "creep"  from  non-ram  surfaces  to  replenish  the  physisorbed 
species  concentration  on  ram  surfaces.  In  analogy  with  the  gas  phase, 
reactions  1-3  and  5-7  may  occur.  The  energy  of  physisorption  will 
also  have  to  be  overcome,  making  the  reactions  slightly  more  endo¬ 
thermic.  Nevertheless,  there  is  still  sufficient  kinetic  energy  in 
collision  that  chemiluminescent  reactions  or  collisional  excitation 
could  occur. 

If  N2  in  the  atmospheric  flux  strikes  a  bare  surface  site,  there  is 
often  enough  energy  in  the  collision  to  dissociate  the  N2  with  the 
product  N  atoms  remaining  physisorbed  on  the  surface.  Atomic  oxygen 
in  the  ram  flux  may  not  be  adsorbed  as  readily  since  the  energy  of  the 
collision  is  not  channeled  into  potential  energy  and  must  be  dissi¬ 
pated  through  other  channels.  If  reflected  oxygen  atoms  undergo 
numerous  collisions  with  contaminant  species,  they  may  remain  in  the 
vicinity  of  the  surface  and  be  adsorbed.  Thus,  the  relative  concen¬ 
tration  of  0  and  N  on  the  surfaces  is  not  obvious.  The  nitrogen  and 
oxygen  atoms  on  the  surface  can  then  recombine  to  excited  molecular 
states.  This  class  of  mechanisms  was  first  suggested  by  Green  [ 1 984 ] 
and  reviewed  thoroughly  by  Green  et  al.  [ 1985b],  Recombination  can 
give  rise  to  N2,  O2,  and  NO.  All  these  species  have  been  observed  in 
heterogeneous  recombination  in  the  laboratory  by  varying  mole  frac¬ 
tions  of  N  and  0  [Halstead,  1985].  There  appears  to  be  no  obvious 
preference  for  recombination  partner;  i.e.,  N2  recombination  is  not 
excluded  in  the  presence  of  O  atoms. 

The  above  chemical  mechanisms  can  produce  chemiluminescent  excita¬ 
tion  up  to  the  level  of  reactant  kinetic  energies  (as  modified  by 
reaction  exo/endothermicities ) .  Plasma  excitation  mechanisms,  on  the 
other  hand,  involve  energetic  (~100  eV)  electrons  which  could  excite 
higher  molecular  electronic  states  and  even  dissociate  or  ionize 
species.  Thus,  significant  spectral  differences  are  expected  (as 
demonstrated  below) . 

Spectral  Comparisons 

In  order  to  quantify  emission  levels,  we  have  developed  at  PSI 
spectral  synthesis  codes  which  predict  very  high-resolution  molecular 
electronic  and  vibrational  spectra  for  a  host  of  molecules  and  band 
systems.  These  "basis  functions"  are  then  convolved  with  the  appro¬ 
priate  slit  function  for  each  application.  The  emission  from  various 
states  and  species  can  be  combined  to  give  a  composite  spectrum. 


Least-squares  fitting  is  used  to  adjust  the  individual  state  popula¬ 
tions  to  achieve  a  "best"  fit.  The  relative  emitting  state  popula¬ 
tions  are  the  end  product  of  this  analysis . 

As  an  example  of  the  code's  capability,  the  220-400  nm  section  of 
the  ISO  ram  spectrum  [Torr  and  Torr,  1985]  is  plotted  in  Figure  2, 
along  with  synthetic  spectral  prediction  for  N2+  First  Negative  bands. 
The  best  fit  was  achieved  for  a  rotational  temperature  of  2000  K  and 
18  A  resolution.  This  resolution  is  lower  than  quoted,  yet  spectra  at 
the  nominal  6  A  resolution  do  not  match  the  observed  fluorescence 
signature.  The  relative  shapes  and  intensities  of  the  Av  =  0  and  1 
series  (and  even  the  marginal  intensity  of  the  Av  =  2  series)  all 
agree  well  with  the  data.  Five  vibrational  levels  (v'  =  0-4)  were 
included  in  the  fit,  and  the  vibrational  distribution  derived  is  quite 
similar  to  the  distribution  expected  for  solar  resonance  fluorescence 
excitation  of  N2+(X)  as  suggested  by  Torr  and  Torr,  although  the  popu¬ 
lations  of  levels  2-4  had  to  be  increased  somewhat  above  the  resonance 
fluorescence  distribution,  and  may  indicate  vibrational  excitation  in 
N2+( X) .  There  is  no  evidence  for  chemical  glow  processes  such  as  NO(B) 
emission.  Certainly,  the  N2+(B)  could  not  arise  from  a  chemical 
source.  A  plasma  process,  on  the  other  hand,  wauld  excite  consider¬ 
able  N2  Second  Positive  (C+B)  emission.  A  laboratory  UV  spectrum  of  a 
beam  plasma  discharge  is  plotted  in  Figure  3.  The  discharge  was  con¬ 
ducted  in  pure  N2  at  4  x  1013  molecules/cm3  density.  Strong  Second 
Positive  emission  is  evident  and  in  fact,  dominates  the  spectrum. 
Lyman-Birge-Hopfield  and  Fourth  Positive  bands  are  also  observed 
weakly  in  the  laboratory  spectrum.  Since  these  features  are  absent  ii. 
the  ISO  spectrum,  we  conclude  that  the  UV  portion  of  the  ISO  spectrum 
is  dominated  by  far-field  atmospheric  emission. 

The  complex  visible  portion  of  the  published  ISO  ram  spectrum  is 
reproduced  in  Figure  4a.  Assignment  of  features  in  this  spectrum  is 
more  difficult  but  various  atomic  lines  and  N2+  Meinel  (A+X)  trans¬ 
itions  are  clearly  identified  (again  presumably  from  resonance 
fluorescence  excitation  in  the  far-field  atmosphere).  Synthetic 
Meinel  band  predictions  are  shown  in  Figure  4b,  as  are  the  First  Posi¬ 
tive  features.  Agreement  of  the  synthetic  spectrum  with  the  data  is 
marginal — Meinel  bands  match  observed  spectral  features  but  First 
Positive  emission  is  clearly  not  a  major  component  of  the  ISO  spec¬ 
trum.  CN  Red  bands  (A+X)  were  also  synthesized  and  did  not  match  the 
observed  features.  These  features  are  in  the  correct  spectral  region 
but  have  the  wrong  shape.  In  light  of  the  above  kinetic  discussion, 
overtone  vibrational  transitions  for  CO  and  NO  were  created.  A 
synthetic  spectrum  of  these  transitions  is  shown  in  Figure  5.  Because 
the  molecular  dipole  moment  functions  are  not  well  known,  there  are 
large  uncertainties  in  the  spectral  intensities.  The  band  positions 
are  quite  accurately  known  and  the  relative  spectral  shape  should  be 
accurate  enough  to  provide  insight.  Hydroxyl,  the  most  probable 
radiator,  is  not  included  at  present.  We  are  incorporating  recent 
spectroscopic  constants  into  our  code  at  present  [Langhoff,  1985].  A 
laboratory  visible  spectrum  of  an  N2/O2  mixture  during  a  beam  plasma 
discharge  is  displayed  in  Figure  6.  Much  structured  emission  includ¬ 
ing  02+  First  Negative,  N2  First  Positive,  and  N2+  Meinel  bands,  is 
observed  along  with  several  atomic  lines.  The  overlap  with  the  ISO 
spectrum  is  again  poor;  no  broad  spectral  features  rise  to  the  red  as 
a  result  of  plasma  processes. 
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The  Swenson  et  al.  [1985]  data  are  presented  in  Figure  7.  Upon 
inspection  of  this  broad  spectrum,  there  are  several  striking  fea¬ 
tures.  The  "noise"  level  is  not  constant  but  is  much  larger  where 
there  is  spectral  intentity.  The  "noise"  spikes  are  often  several 
resolution  elements  wide.  Both  these  observations  suggest  that  the 
"noise"  features  are  real  structure.  Finally,  the  strongest  "noise" 
spike  falls  at  520.0  nm,  exactly  where  N(2D)  atmospheric  emission  line 
occurs.  Prompted  by  these  observations,  we  felt  that  structure 
possibly  existed  in  the  broad  continuum--that  Mende's  data  were  per¬ 
haps  less  noisy  than  they  appeared.  Nitrogen  electronic  spectra 
(including  First  Positive)  were  unable  to  match  the  broad  spectral 
features  for  any  vibrational  or  rotational  distribution.  However,  in 
response  to  our  kinetic  analysis,  we  performed  a  least-squares  fit  of 
NO  overtone  vibrational  bands  to  the  observed  spectrum.  The  NO  emis¬ 
sion  series  are  more  structured  than  the  data;  nevertheless,  several 
spectral  features  are  reproduced.  The  present  calculations  extend 
only  to  v1  =  19;  inclusion  of  higher  vibrational  levels  of  NO  would 
tend  to  fill  in  the  gaps  in  the  computed  spectrum.  Inclusion  of  addi¬ 
tional  radiators  such  as  OH  may  also  improve  the  comparison.  We  feel 
that  vibrational  emissions  are  present  at  some  level  in  this  spectrum. 
The  highly  structured  laboratory  BPD  spectrum  of  Figure  6  clearly  does 
not  agree  with  the  Lockheed  data. 

Using  a  20,000  K  rotational  temperature,  together  with  the  vibra¬ 
tional  distribution  for  NO(v)  obtained  from  our  best  fit  to  the 
Swenson  et  al.  [1985]  spectrum,  we  calculated  the  infrared  emission 
spectrum.  This  spectrum  is  presented  in  Figure  8.  If  indeed  NO  (and 
CO  or  OH)  is  present  in  spacecraft  glow,  the  infrared  emission  spec¬ 
trum  will  be  very  bright.  It  will  significantly  interfere  with  remote 
observations  of  deep  space  or  the  Earth's  atmosphere  where  infrared 
radiances  are  in  the  MegaRayleigh  range. 

Summary 

Although  this  work  is  preliminary,  spectral  fitting  analysis  has 
suggested  that  chemical  processes  will  play  a  role  in  observed  glows. 
The  two  glow  observations  considered  were  quite  different  in  spectral 
distribution.  The  alarming  aspect  of  the  ISO  data  is  that  even  look¬ 
ing  out  of  the  payload  bay  and  not  observing  any  shuttle  surfaces,  a 
glow  spectrum  was  obtained  underlying  far-field  atmospheric  emissions. 
A  number  of  chemiluminescent  mechanisms  have  been  suggested  as  giving 
rise  to  vibrationally  excited  OH,  CO,  and  NO  dominantly,  in  addition 
to  previously  suggested  surface  recombination  mechanisms.  Vibrational 
overtone  emissions  may  well  be  present  in  the  glow  data.  Due  to  the 
variability  of  the  shuttle's  environment,  it  is  likely  that  there  will 
be  conditions  on-orbit  when  different  chemical  plasma  mechanisms  will 
dominate  glow  emission.  Given  this,  it  is  not  really  surprising  that 
the  two  spectra  do  not  agree.  Extension  of  the  data  base  will  allow 
the  various  physical  regimes  to  be  quantified,  allow  the  key  mech¬ 
anisms  to  be  identified,  and  permit  meaningful  remedial  actions  to  be 
taken . 
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Figure  Captions 

Figure  1 .  Conceptual  drawing  of  gas-phase/adsorbed  species  above 
shuttle  surfaces 

Figure  2.  Comparison  of  ISO  ultraviolet  data  (solid  line)  from 
Spacelab  1  (Torr  and  Torr)  with  theoretical  N2+  first 
negative  spectrum  (dashed);  v'  =  0-4,  rotational 
temperature  2000K,  1.8  nm  resolution 

Figure  3.  Laboratory  UV  spectrum  of  a  beam  plasma  discharge  in  N2* 
This  spectrum  does  not  resemble  ISO  data,  second  positive 
features  are  clearly  present. 

Figure  4a.  Visible  data  from  ISO  under  near-ram  conditions 

Figure  4b.  Synthetic  spectrum  of  N2  containing  Meinel  and  first¬ 
positive  transitions.  This  spectrum  represents  a  best  fit 
to  the  data  of  Fig.  4a,  but  clearly  does  not  reproduce 
all  the  spectral  features. 

Figure  5.  Overtone  emission  from  highly  vibrationally  and 

rotationally  excited  NO  showing  visible  emission  features 

Figure  6.  Laboratory  visible  spectrum  of  a  beam  plasma  discharge  in 
N2  and  O2  showing  O2  ionic,  atomic  line  and  N2  electronic 
transitions 

Figure  7.  Comparison  of  NO  vibrational  overtone  transitions  with 
response  corrected  Lockheed  glow  data 

Figure  8.  Plot  of  NO  vibrational  emission  between  wavelengths  0.5  and 
6.5  urn.  NO  emission  is  much  stronger  in  the  infrared 
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Abstract 


The  diffuse  glow  which  occurs  above  surfaces  exposed  to  the  ambient  atmo¬ 
sphere  in  low-earth  orbit  has  become  a  source  of  both  interest  and  concern  for 
potential  users  of  space-based  observation  platforms.  In  this  paper  we  will 
consider  the  various  chemical  mechanisms  which  could  be  the  source  of  this 
glow,  including  gas-phase  and  surface-catalyzed  chemical  reactions.  The  rele¬ 
vant  species  concentrations,  necessary  excitation  rates  and  possible  radiant 
intensities  are  calculated.  We  predict  the  spectral  distributions  of  the 
emission  from  one  of  these  species  using  a  theoretical  spectral  model  (NO(v)) 
and  compare  it  with  the  observed  spectrum  of  the  glow.  This  model  is  also 
used  to  predict  the  emission  shapes  in  the  infrared  other  spectral  region. 
Different  glow  mechanisms  are  likely  to  occur  above  various  surfaces  under 
different  orbital  conditions.  Our  aim  is  to  distinguish  between  the  various 
mechanisms  so  that  remedial  steps  can  be  taken  in  future  missions.  At  present 
the  available  data  cannot  be  explained  by  a  single  mechanism  although  surface- 
catalytic  processes  are  likely  to  play  a  dominant  role  in  low  earth  orbit. 
These  calculations  provide  the  necessary  first  analytical  step  toward  mech¬ 
anism  identification. 


Introduction 


One  of  the  most  surprising  observations  on  the  early  missions  of  the 
Space  Transportation  System  (STS)  was  the  presence  of  a  glow  above  the  wind¬ 
ward  surfaces  of  the  Shuttle  during  passive  operational  periods.  This 
phenomenon  was  observed  on  STS-3  by  Banks  and  co-workers  [1983].  Observations 
on  several  later  Shuttle  missions  have  been  performed  to  quantify  its  nature 
[Mende,  1983;  Mende  et  al. ,  1983,  1984a, b,  1985;  Swenson  et  al. ,  1985].  This 
glow  was  observed  from  the  Shuttle  cabin  using  a  hand-held  camera/ 
spectrometer.  A  visible  glow  has  also  been  observed  by  the  Atmospheric 
Explorer  (AE)  C  and  E  satellites  (Yee  and  Abreu  [1982,  1983],  and  by  the 
Dynamics  Explorer  (DE)  B  satellite  (Langhoff  et  al.  [1983;  Abreu  et  al. 
[1985]).  Torr  and  Torr  [1983]  have  observed  strong  emission  features  not 
associated  with  the  remote  earth  atmosphere  during  Spacelab  1  using  their 
Imaging  Spectral  Observatory.  These  latter  observations  were  from  instruments 
exposed  to  the  ambient  atmospheric  flux  observing  deep  space,  not  surfaces  per 


se.  Although  the  total  observational  data  base  is  continuously  growing  obser¬ 
vations  are  still  sparse  and  apparently  occasionally  contradictory.  No  single 
mechanism  has  yet  emerged  as  the  obvious  source  of  the  glow. 

The  Shuttle  glow  is  seen  only  over  surfaces  undergoing  energetic  collis¬ 
ions  with  the  ambient  atmosphere,  i.e.,  exposed  in  the  ram  direction.  Emis¬ 
sion  from  surfaces  in  the  wake  are  at  least  102  weaker.  Data  from  STS-4 
clearly  showed  a  dependence  of  intensity  with  respect  to  the  angle  of  attack. 
No  glow  was  observed  over  surfaces  which  were  in  the  wake  or  shadowed  by 
Shuttle  structures.  Photographic  data  has  shown  the  spatial  intensity  of  the 
glow  above  Shuttle  tile  surfaces  decays  exponentially  with  a  characteristic 
distance  of  20  cm  [Yee  and  Dalgarno,  1983].  The  meaning  of  the  extent  of  the 
glow  is  subject  to  interpretation,  either  representing  the  spatial  distance  a 
molecule  travels  until  it  radiatively  decays,  the  thickness  of  a  higher 
density  gas  layer  where  collisional  excitation  or  deexcitation  or  ionization 
occurs.  This  extent  has  been  measured  to  be  the  same  over  several  different 
surfaces  on  the  Remote  Manipulator  arm  [Mende  and  Swenson,  1985].  The  glow 
layer  thickness  above  the  arm  is  smaller  than  the  layer  on  the  tail.  The  glow 
intensity  did  depend  on  the  surface  material.  The  glow  observed  in  a  10m 
column  along  the  surface  above  the  rear  engine  pods  during  the  STS-5  mission 
has  been  estimated  to  have  a  total  visible  intensity  of  ~300  kiloRayleighs 
(3  x  1011  photons/cm2  s)  [Mende,  1983].  The  spectral  distribution  of  the  glow 
has  also  been  measured.  Based  on  observations  from  mission  STS-4 ID,  [Swenson 
et  al. ,  1985]  the  glow  is  a  broad  spectrum  (at  a  resolution  of  ~3  nm)  spanning 
the  500  to  800  nm  region  and  peaks  in  intensity  in  the  red  at  670  nm.  There 
may  be  weak  spectral  features  on  this  broad  continuum.  Infrared  (1  to  3  (jm) 
observations  by  Witteborn  et  al.  [1985]  indicate  a  substantial  glow  with  band¬ 
pass  intensities  exceeding  the  visible  by  a  factor  of  two  or  three.  The 
satellite  data  has  been  analyzed  to  indicate  a  greater  spatial  extent  in  its 
visible  bandpasses.  Only  coarse  spectral  distributions  can  be  determined  from 
the  bandpass  filters  of  the  AE  satellite.  The  intensity  distribution  observed 
by  the  satellite  [Yee  and  Dalgarno,  1983]  does  not  match  the  distribution 
observed  above  Shuttle  surfaces.  The  ISO  data  [Torr  and  Torr ,  1985]  is  quite 

spectrally  structured  and  seems  to  contain  emissions  from  many  nitrogen  elec¬ 
tronically  excited  states  as  well  as  several  as  yet  unidentified  features. 

The  gas-phase  luminosity  associated  with  thruster  firings  has  also  been 
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studied.  The  temporal  behavior  of  the  total  (visible)  luminosity  has  been 
measured;  however,  the  spectral  distribution  of  this  glow  has  not  been 
obtained  to  date. 


Potential  Chemical  Excitation  Mechanisms 


The  potential  chemical  mechanisms  for  producing  Shuttle  glow  involve  the 
excitation  of  resonant  molecular  emissions  as  a  result  of  collisions  of 
species  in  the  tenuous  atmosphere  with  the  rapidly  moving  orbital  vehicle  and 
its  surrounding  effluent  cloud.  The  dominant  atmospheric  constituent  at 
orbital  attitudes  is  atomic  oxygen.  Molecular  nitrogen  is  also  present.  A 
number  of  other  species  are  present  in  trace  concentrations  including  NO,  H, 
and  Ar.  The  Shuttle  orbital  velocity  is  8  x  105  cm/s.  Thus  as  the  Shuttle 
sweeps  through  the  atmosphere,  the  atmospheric  species  energetically  impact 
its  surface.  For  oxygen  atoms,  the  energy  of  the  collision  is  5  eV  on  aver¬ 
age,  but  the  atomic  oxygen  velocity  vector  (c  «  105  cm/s)  will  provide  a  dis¬ 
tribution  of  collision  energies  (4.5  to  6.1  eV) .  Nitrogen  molecules  will  have 


a  collisional  energy  of  9.3  _+  1  eV. 


The  variety  of  chemical  processes  that  could  be  occurring  in  the  local 
Shuttle  environment  is  shown  schematically  in  Figure  1 .  As  the  ambient  atmo¬ 
spheric  0  and  N2  enter  the  local  Shuttle  cloud,  they  can  strike  gas-phase  con¬ 
taminants  and  react  with  or  collisionally  excite  them.  A  major  portion  of  the 
atmospheric  flux  reaches  the  surface  where  it  can  excite  or  react  with 
adsorbed  species  on  shuttle  surfaces.  If  the  atmospheric  N2  strikes  a  surface 
site  it  can  dissociate  on  impact  or  transfer  energy  to  an  adsorbed  species. 
Atomic  oxygen,  if  slowed  by  gas-phase  collisions,  can  also  be  adsorbed. 

Surface  recombination  and  desorption  could  then  give  rise  to  emissions. 
Finally,  the  ambient  atmospheric  species  can  react  with  surface  materials.  In 
the  gaseous  contaminant  cloud,  the  prevalent  species  have  been  measured  to  be 
H20  and  C02  [Miller,  1983,  1984;  Narcisi  et  al.,  1983],  although  He,  02 ,  Ar, 

freons,  cleaning  agents  and  other  species  have  also  been  detected  in  trace 
amounts.  H20  is  dominantly  attributable  to  outgassing  and  the  flash  evapo¬ 
rator  system  releases.  The  most  likely  gas  phase  reactions  are  indicated  as 
reactions  (1-3)  of  Table  1.  Reactions  (1)  and  (2)  involve  inco.  \ng  O-atoms 
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TABLE  1 


CHEMICAL  REACTORS  NEAR  ORBITER  SURFACES 


1 - 

Reaction 

* 

4H2gg(eV) 

* 

EA(eV)/ 

mole 

Orbital  Kinetic 
Energy  (eV) 

R1 

H20  +  0  -*•  OH(v)  +  0H( v) 

+0.7 

0.8 

5.2 

R2 

C02  +  0  C0(v)  +  02(v) 

+0.35 

2.3 

5.2 

R3 

N2  +  0  -*■  NO(v)  +  N 

+3.2 

3.3 

5.2  -  14.5 

R3A 

N2  (thruster)  +  0  +  NO(v)  +  N 

+3.2 

3.3 

7.0 

R4 

0( ’D)  +  H20  -*■  OH  +  OH 

-1.2 

0.0 

- 

R5 

0  +  H2  +  OH  +  H 

+0.1 

0.39 

5.2 

R6 

CO  +  M  -*■  CO  ( V )  +  M 

+0 . 26*V  1 

- 

5.2  -  9.3 

colliding  with  contamination  cloud  constituants .  Reaction  (3)  involves  the 
reflected  atmospheric  shock  layer.  In  Table  1,  AH298  is  the  enthalpy  of 
reaction  for  thermal  reagents  at  298K,  and  EA  is  the  apparent  activation 
energy  in  the  Arrhenius  expression  for  the  thermal  rate  coefficient: 
k(T)  «  A  exp[-EA/kT].  Even  though  all  these  processes  are  endothermic  and 
have  substantial  energy  barriers,  in  the  ram  velocity  vector  the  kinetic 
energies  involved  in  the  collisions  are  sufficient  (5.2  ±  1  eV)  to  permit  the 
reactions  to  proceed.  In  particular,  the  reverse  of  reaction  (1)  is 

reasonably  fast  (k_1  =  1.8  x  lO-1^  cm3/s)  [NASA,  1981],  while  the  forward 

reaction  involving  O^D)  is  extremely  rapid  (k4  »  9.9  x  10"11  cm3/s) : 

0( 1D)  +  H20  ♦  OH  +  OH  AH298  =  -  1.2  eV  .  (1) 

Thus,  the  possibility  exists  for  creating  vibrationally  excited  CO  and  OH 

directly  from  these  gas-phase  reactions.  In  addition  to  reaction,  processes  1 
and  2  could  simply  lead  to  vibrationally  excited  H20  and  C02  (resulting  in 
infrared  emission).  These  vibrational  excitation  cross  sections  have  been 
measured  to  be  large  [Dunn  et  al.,  1975]  at  somewhat  lower  translational 


velocities  (4  to  6  km/s).  Radiance  levels  estimated  from  these  cross  sec¬ 
tions,  contaminant  levels,  and  atmospheric  fluences  are  significantly  les  than 
the  observed  glow  intensities  -  100  kR  in  the  infrared  and  much  lower  in  the 
visible  overtone  transitions,  assuming  contaminant  column  densities  of 
2  x  1012  cnj-2  an<j  assuming:  1)  rate  constants  0.01  gas  kinetic;  and  2)  that 
1  percent  of  the  product  molecules  are  excited  and  emit  in  the  visible.  Gas- 
phase  chemical  reactions  do  not  occur  at  a  sufficient  rate  to  generate  signif¬ 
icant  glow  intensities,  since  only  1  percent  of  the  incoming  ambient  flux 
undergoes  collisions  with  the  H2O  contaminant  cloud.  However,  if  the  column 
densities  were  considerably  higher  due  to  ram  pressure  build  up,  then  gas- 
phase  chemical  reactions  could  contribute  to  the  glow.  The  spatial  extent  of 
the  glow  for  these  processes  would  reflect  the  contamination  concentration 
gradients  above  the  surfaces. 

A  diffuse  gas-phase  glow  has  been  observed  during/after  thruster  firings. 
The  thruster  equilibrium  exhaust  concentrations  are  calculated  as  33  percent 
H2O,  31  percent  N2,  17  percent  H2,  13  percent  CO,  and  4  percent  C02,  with 
traces  of  H,  O2,  and  monomethylhydrazine-N03 .  However,  radicals  will  be  pro¬ 
duced  in  high  concentrations  during  the  thruster  firing  and  will  persist  in 
this  environment.  Likely  candidates  are  OH  and  NH2-  NH2  has  a  structured 
emission  spectrum  in  the  550  to  600  nm  region  of  the  visible.  During  thruster 
firings  exhaust  species  leave  the  nozzle  at  an  average  velocity  of  3.5  x 
105  cm/s.  If  the  thruster  exhaust  is  directed  into  the  ram,  large  collisional 
energies  can  result.  For  example,  the  reaction  (3a)  could  occur  at  collis¬ 
ional  energies  of  up  to  7  eV.  Under  these  conditions  over  15  quanta  of  vibra¬ 
tional  energy  in  NO  could  be  excited.  Additional  processes  such  as  reac¬ 
tions  5  and  6c  can  occur  where  M  can  be  any  gas  phase  ambient  species.  Due  to 
the  high  concentrations  of  neutrals  released  in  a  typical  RCS  thruster  firing 
(1025  molecules  in  80  ms),  hundreds  of  kilorayleighs  of  radiance  could  easily 
arise,  even  assuming  only  one  collision  in  10^  leads  to  a  visible  photon.  In 
summary,  gas-phase  chemiluminescent  reactions  can  easily  account  for  observed 
bright  flashes  associated  with  thruster  events.  If  thruster  effluents  are 
trapped  above  ram  surfaces,  these  concentration  enhancements  could  give  rise 
to  detectable  chemiluminescent  glows.  Outgassing/of fgassing  contamination 
levels  appear  to  be  sufficiently  small  so  that  gas-phase  reactions  of  these 
species  cannot  explain  observed  radiance  levels  in  the  visible.  The  relative 


importance  of  various  processes  contributing  to  the  glow  may  change  in  other 
spectral  regions. 

these  gas-phase  specie  will  be  adsorbed  to  some  extent  on  shuttle 
surfaces.  Self-contamination  has  long  been  recognized  as  a  problem 
[Scialdone;  1972,  1985]  because  the  mean-free-path  between  collisions  is  large 
enough  for  molecules  from  localized  contamination  sources  to  be  collisionally 
backscattered  over  large  areas  of  the  shuttle.  Mass  spectrometric  observa¬ 
tions  in  the  cargo  bay  detect  remote  thruster  firings,  refrigerant,  and  He 
leaks.  The  degree  of  adsorption  of  a  given  species  is  surface-specific. 
However,  H2O,  the  most  prevalent  gas-phase  contaminant,  is  notorious  for  being 
easily  physisorbed  on  a  host  of  surfaces.  Carbon  dioxide,  carbon*  monoxide, 
nitrogen,  and  hydrogen  are  also  likely  to  be  present  in  order  of  decreasing 
concentration.  These  physisorbed  species  are  dynamically  moving  over  surface 
si*es,  creating  a  surface  consisting  of  both  occupied  and  bare  bonding  sites. 
The  molecules  in  the  ambient  flux  continuously  strike  the  shuttle  surface 
sites.  For  a  polished  surface,  there  are  10^-*  sites/cm^  and  at  250  km,  an 
ambient  oxygen  atom  will  strike  a  surface  site  once  a  second  on  average.  For 
rougher  surfaces,  the  number  of  surface  sites  can  be  much  greater.  Ambient  O 
or  n2  may  not  react  or  collisionally  desorb  these  species  with  unit  effi¬ 
ciency.  Thus,  if  contaminant/effluent  molecules  are  adsorbed  on  tile  sur¬ 
faces,  it  may  take  minutes  or  even  hours  for  the  ambient  flux  to  "clean"  the 
surface.  Contaminant  mobility  on  the  surface  will  allow  "creep"  from  non-ram 
surfaces  to  replenish  the  physisorbed  species  concentration  on  ram  surfaces. 

In  analogy  with  the  gas  phase,  reactions  1-3  and  5-7  may  occur.  The  energy  of 
physisorption  will  also  have  to  be  overcome,  making  the  reactions  slightly 
more  endothermic.  Nevertheless,  there  is  still  sufficient  kinetic  energy  in 
collision  that  chemiluminescent  reactions  or  collisional  excitation  could 
occur.  Mende  and  Swenson  [1985]  have  observed  an  enhanced  glow  above  surfaces 
after  thruster  events.  This  enhanced  luminescence  persists  over  the  range  of 
a  few  through  tens  of  seconds  in  rough  accord  with  these  calculations. 

If  N2  in  the  atmospheric  flux  strikes  a  bare  surface  site,  there  is  often 
enough  energy  in  the  collision  to  dissociate  the  N2  with  the  product  N  atoms 
remaining  physisorbed  on  the  surface.  Prince  [1985]  argues  there  is  no  exper¬ 
imental  evidence  supporting  this  hypothesis.  Ambient  N  and  NO  (which  should 


dissociate  on  impact)  will  provide  N  on  the  surface.  The  atomic  oxygen  and 
nitrogen  in  the  ram  flux  may  not  be  readily  adsorbed  since  the  energy  of  the 
collision  is  not  channeled  into  potential  energy  and  must  be  dissipated 
through  other  channels.  If  reflected  oxygen  atoms  undergo  numerous  collisions 
with  contaminant  species,  they  may  remain  in  the  vicinity  of  the  surface  and 
be  adsorbed.  Thus,  the  relative  concentration  of  0  and  N  on  the  surfaces  is 
unknown.  The  nitrogen  and  oxygen  atoms  on  the  surface  can  then  recombine  to 
excited  molecular  states.  This  class  of  mechanisms  has  been  considered  pre¬ 
viously  [Green,  1984  and  Green  et  al.,  1985].  Recombination  can  give  rise  to 
N2,  02,  NO,  and  N02.  All  these  species  have  been  observed  in  heterogeneous 
recombination  in  the  laboratory  by  varying  mole  fractions  of  N  and  0  [Chu,  et 
al,  1985].  There  appears  to  be  no  strong  preference  for  recombination 
partner;  i.e.,  N2  recombination  is  not  excluded  in  the  presence  of  o  atoms. 


In  this  mechanism,  the  atmospheric  species  are  adsorbed  on  spacecraft 
surfaces  upon  collision,  then  recombine  into  excited  molecular  states  as  they 
leave  the  surface.  Thus  the  surface  acts  as  a  catalytic  substrate  for  recom¬ 
bination.  The  most  prevalent  adsorbed  atoms  will  be  N  and  O  which  may  recom¬ 
bine  to  give:  N2  electronically  excited  which  fluoreses  in  the  visible  and  in 
the  infrared  02  electronically  excited  into  many  states  giving  rise  to  a  much 
more  long  lived  glow;  and  NO  vibrationally  and  electronically  excited.  The 
molecular  states  populated  will  depend  on  the  nature  of  the  interaction 
between  excited  species  and  the  particular  surface  material.  The  same  mole¬ 
cular  species  could  give  rise  to  different  glow  intensities  and  even  different 
spectral  distributions  over  various  surfaces.  Spectrally  resolved  emissions 
can  thus  provide  insight  into  the  dynamics  of  the  creation  process.  For  these 
surface-catalyzed  recombinations  (and  for  the  surface  reactions  considered 
next)  the  extent  of  the  glow  has  been  interpreted  to  represent  the  region  over 
which  excited  species  are  emitting  —  the  product  of  the  emitter  velocity  and 
radiative  lifetime  of  the  excited  state.  If  radiators  leave  the  surface  at 
thermal  velocities,  then  the  corresponding  radiative  lifetimes  are  less  than  a 
millisecond.  If  their  exit  velocity  is  faster,  the  lifetime  is  shorter  still, 
approaching  50  (js  if  the  a tmosphere/surf ace  interaction  is  elastic. 

Evidence  for  this  surface  recombination  is  found  in  mass  spectrometer 
data  from  satellites.  Engebretson  [1985]  has  observed  both  NO  and  N02  at 


enhanced  levels  in  a  semi-open  source  M.S.  on  AE-C  and  D  and  in  a  closed 
source  spectrometer  on  DE-B.  NO  is  formed  by  a  fast  process  and  is  observed 
initially.  N02  is  observed  at  later  times.  The  observed  concentrations  were 
dependent  on  surface  temperature. 

A  recent  study  of  the  Shuttle  glow  led  Swenson  et  al.  [1985]  to  conclude 
that  the  emission  is  due  to  N02  which  is  formed  on  the  surface  of  the  Shuttle. 
They  postulate  that  recombination  of  N  and  0  atoms  forms  an  NO  molecule  which 
sticks  to  the  surface  long  enough  to  react  with  another  0  atom  to  give  an 
excited  N02.  Consequently,  the  glow  should  depend  on  [0]2  and  on  [N].  The 
observations  by  Yee  and  Abreu  [1983]  on  AE  indicate  that  the  intensity  of  the 
glow  varies  linearly  with  [O]  in  two  wavelength  bands:  6563  nm  and  7320  nm. 
Thus,  N02  may  not  be  the  major  constituent  of  the  satellite  glow,  or  the 
satellite  and  Shuttle  glows  arise  from  different  mechanisms. 

The  above  chemical  mechanisms  can  produce  chemiluminescent  excitation  up  to 
the  level  of  reactant  kinetic  energies  (as  modified  by  reaction  exo-  or  endo- 
thermicities) .  Plasma  excitation  mechanisms,  as  suggested  by  Papadopoulos 
[1984],  involve  energetic  (~100  eV)  electrons  which  could  excite  higher  mole¬ 
cular  electronic  states  and  even  dissociate  or  ionize  species.  Thus,  signif¬ 
icant  spectral  differences  are  expected  as  described  by  Kofsky  [1984],  and 
Green  et  al  [1985]. 

In  addition  to  the  gas-phase  and  surface  interactions,  a  fraction  of  the 
ambient  flux  will  penetrate  through  the  cloud,  reach  Shuttle  surfaces  and 
possibly  undergo  reactions  there  which  lead  to  the  formation  of  new  species. 

If  these  reaction  products  are  released  into  the  gas  phase,  they  could  poten¬ 
tially  contribute  to  glow  intensities.  Slanger  [1983]  was  the  first  to 
suggest  that  these  reactions  could  contribute  to  spacecraft  glow.  A  depen¬ 
dence  of  the  intensity  of  the  glow  on  surface  material  has  been  observed  by 
Mende,  et  al .  [1984b,  1985].  Since  the  Shuttle  glow  is  observed  only  on 
surfaces  in  the  ram  direction,  either  a  density  effect  or  the  kinetic  energy 
of  the  incoming  atmospheric  species  is  likely  required  for  reactions  to  occur 
and  thus  this  kinetic  energy  can  be  added  to  the  reaction  enthalpy  so  that 
reactions  which  are  endothermic  at  thermal  energy  become  exothermic  and  pro¬ 
ceed  rapidly  when  on-orbit.  Reactions  of  this  nature  are  the  subject  of  a 
separate  paper  [Green  and  Murad,  1985]. 
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Spectral  Comparisons  with  Orbital  Observations 


Of  the  three  sets  of  spectrally  resolved  observations  described  in  the 
introduction,  only  the  Lockheed  data  [Swenson  et  al.,  1985]  provides  a  spec¬ 
trum  of  the  glow  above  surfaces.  The  ISO  data  contains  emissions  from  N2+  (at 
least  partially  of  atmospheric  origin)  as  well  as  a  complex  spectrally  struc¬ 
tured  emission  in  the  red.  Similarly,  the  satellite  measurements  looked 
radially  outward  from  the  spacecraft  and  observed  only  a  portion  of  the  glow 
layer.  Spectral  content  of  the  AE  data  is  limited  to  six  filter  bandpasses 
(~20A)  between  28 0  and  732  nm  [Yee  and  Abreu,  1982]. 


In  order  to  quantify  emission  levels,  we  have  developed  at  PSI  spectral 
synthesis  codes  which  predict  very  high-resolution  molecular  electronic  and 
vibrational  spectra  for  a  host  of  molecules  and  band  systems.  These  "basis 
functions"  are  then  convolved  with  the  appropriate  slit  function  for  each 
application.  The  emission  from  various  states  and  species  can  be  combined  to 
give  a  composite  spectrum.  Least  squares  fitting  is  used  to  adjust  the  indi¬ 
vidual  state  populations  to  achieve  a  "best"  fit.  The  relative  emitting  state 
populations  are  the  end  product  of  the  analysis. 


In  light  of  the  above  kinetic  discussion,  overtone  vibrational  transi¬ 
tions  for  OH,  CO,  and  NO  were  created.  A  synthetic  spectrum  of  NO  overtone 
transitions  is  shown  in  Figure  2.  These  transitions  involve  high  vibrational 
levels  of  the  ground  electronic  state  NO(v  <  19)  undergoing  transitions  with 
Av  =  6-9  between  500  and  800  nm.  Because  the  molecular  dipole  moment 
functions  are  not  well  known,  there  are  large  uncertainties  in  the  spectral 
intensities.  The  band  positions  are  quite  accurately  known  and  the  relative 
spectral  shape  should  be  accurate  enough  to  provide  insight. 

The  Swenson  et  al.  [1985]  data  is  also  presented  in  Figure  2.  Upon  inspec¬ 
tion  of  this  broad  spectrum,  there  are  several  striking  features.  The  "noise" 
level  is  not  constant  but  is  much  larger  where  there  is  spectral  intensity. 

The  "noise"  spikes  are  often  several  resolution  elements  wide.  Both  these 
observations  suggest  that  the  "noise"  features  may  be  real  structure. 

Finally,  the  strongest  "noise"  spike  falls  at  520.0  nm,  exactly  where  N(^D) 
atmospheric  emission  line  occurs.  Prompted  by  these  observations,  we  felt 
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Figure  2.  Comparison  of  NO  Vibrational  Overtone  Transitions  with 
Response-Corrected  Lockheed  Glow  Data 

that  structure  possibly  existed  in  the  broad  continuum — that  Mende ' s  data  were 
perhaps  less  noisy  than  they  appeared.  Nitrogen  electronic  spectra  (including 
First  Positive)  were  unable  to  match  the  broad  spectral  features  for  any 
vibrational  or  rotational  distribution.  However,  in  response  to  our  kinetic 
analysis,  we  performed  a  least-squares  fit  of  NO  overtone  vibrational  bands  to 
the  observed  spectrum.  The  NO  emission  series  are  more  structured  than  the 
data;  nevertheless,  several  spectral  features  are  reproduced.  The  present 
calculations  extend  only  to  v'  =  19;  inclusion  of  higher  vibrational  levels  of 
NO  would  tend  to  fill  in  the  gaps  in  the  computed  spectrum.  Inclusion  of 
additional  radiators  such  as  OH  may  also  improve  the  comparison.  We  feel  that 
the  presence  of  vibrational  emissions  at  some  level  in  this  spectrum  cannot  be 
excluded.  The  radiative  lifetime  of  high  vibrational  levels  of  NO  is  several 
milliseconds.  In  order  to  match  the  observed  extent  of  the  glow,  the  excited 
molecules  would  be  constrained  to  travel  at  less  than  thermal  velocities. 

This  is  quite  possible  since  reaction  energy  partitioning  on  the  surface  may 


leave  little  kinetic  energy  in  the  desorbed  molecule.  Alternatively,  if  there 
exists  a  high  density  gas  layer  above  ram  surfaces,  collisional  scattering  of 
the  excited  species  will  give  it  an  effectively  smaller  velocity  outward  from 
the  surface.  The  accuracy  of  our  prediction  is  compromised  by  lack  of  knowl¬ 
edge  of  the  dipole  moment  function  of  NO  in  its  ground  state.  Vibrational 
levels  greater  than  v  -  19  can  certainly  be  populated  in  the  surface  recombin¬ 
ation  process.  We  felt  uncertain  of  our  predictions  above  this  level  and 
limited  our  code  accordingly. 

The  above  example  is  meant  to  illustrate  that  diatomic  emission  could  be 
the  source  of  the  visible  glow  above  surfaces.  This  approach  was  also  applied 
to  overtone  vibrational  bands  of  CO  and  OH,  both  of  which  are  (along  with  NO) 
ubiquitous  products  of  the  chemical  mechanisms  outlined  above.  While  CO  over¬ 
tone  transitions  (Av=6-9)  appear  not  to  have  the  same  intensity  distribution 
as  the  observed  glow  spectrum,  the  overtones  of  OH  also  bear  a  striking 
resemblance  to  the  distribution  and  structure  of  the  data  at  high  rotational 
temperatures  (~5000K) .  Unfortunately,  it  is  difficult  to  make  conclusive 
arguments  about  OH  due  to  the  inadequacy  of  the  spectroscopic  data  base 
describing  the  transition  probabilities  and  branching  ratios  in  this  wave¬ 
length  range.  Surface  catalytic  recombination  would  be  likely  to  give  rise  to 
these  vibrationally  excited  species  as  well  as  N02.  The  dominant  radiator 
will  certainly  depend  on  the  orbital  environment,  the  viewing  geometry  (and 
distance  above  surfaces)  and  spectral  region.  Indeed,  estimation  of  the 
significance  of  the  glow  in  other  spectral  regions  must  await  a  better  under¬ 
standing  of  the  mechanisms  responsible.  Kofsky  and  Barrett  [1985]  recently 
estimated  that  N02  would  not  be  an  extremely  bright  radiator  in  the  infrared 
above  Shuttle  surfaces.  On  the  other  hand,  if  NO  were  a  significant  contrib¬ 
utor  in  the  visible  region,  then  the  glow  intensity  in  the  infrared  would  be 
orders  of  magnitude  brighter  than  the  visible.  (The  spectral  distribution  of 
the  intensity  would  obviously  depend  on  the  initial  vibrational  distribution.) 
NO  favors  single  or  double  vibrational  quantum  loss  by  radiation  and  thus  many 
photons  can  be  emitted  by  a  single  highly  vibrationally  excited  molecule.  As 
an  illustration,  the  visible-infrared  vibrational  emission  spectrum  of  NO  with 
a  5000K  Boltzmann  vibrational  distribution  is  plotted  in  Figure  3.  The 
intensity  axis  is  in  photons  and  is  logarithmic.  The  infrared  fundamental  and 


Shuttle  are  too  infrequent  to  explain  the  observed  luminescence  unless  a  sub¬ 
stantial  pressure  buildup  above  ram  surfaces  is  occurring.  Gas-phase  reac¬ 
tions  in  the  thruster  exhaust  plume  are  also  capable  of  generating  mega- 
Rayleigh  intensities.  Plasma  processes  may  be  occurring  with  these  dense 
thruster  plumes  as  well. 

A  spectral  fitting  analysis  has  suggested  that  chemical  processes  will 
play  a  role  in  observed  glows.  A  number  of  chemiluminescent  mechanisms  have 
been  suggested  as  giving  rise  to  vibrationally  excited  OH,  CO,  and  NO,  in 
addition  to  previously  suggested  surface  recombination  mechanisms  such  as  NO2 
or  N2*.  Vibrational  overtone  emissions  may  well  be  present  in  the  glow  data. 

Due  to  the  variability  of  the  shuttle's  environment,  it  is  likely  that 
there  will  be  conditions  on-orbit  when  different  chemical  and  plasma  mechan¬ 
isms  will  dominate  glow  emission.  An  alarming  aspect  of  the  ISO  data  is  that 
even  looking  out  of  the  payload  bay  and  not  observing  any  Shuttle  surfaces,  a 
glow  spectrum  is  obtained  underlying  far-field  atmospheric  emissions.  The  key 
to  our  understanding  the  glow  phenomenon  lies  in  an  extended  data  base  which 
includes  improved  spatial,  spectral,  and  surface  specific  observations.  It 
appears  that  a  number  of  processes  can  provide  for  unique  glows  of  different 
characteristics  under  the  wide  range  of  on-orbit  conditions.  Thus,  although 
several  ingenious  detection  systems  have  been  flown  to  characterize  the  glow, 
we  have  not  been  able  to  assign  the  mechanism (s)  responsible  over  the  variety 
of  operational  conditions  and  locales.  We  suggest  that  a  series  of  complemen¬ 
tary  experiments  be  assembled  to  systematically  observe  the  glow  with  an  aim 
to  discriminate  between  the  various  classes  of  mechanisms  and  even  to  identify 
the  dominant  radiant  species  for  a  given  on-orbit  scenario.  This  extension  of 
the  data  base  will  allow  the  various  physical  regimes  to  be  quantified,  allow 
the  key  mechanisms  to  be  identified,  and  permit  meaningful  remedial  actions  to 
be  taken  by  future  mission  planners. 
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APPENDIX  E 


Radiance  Calculations  for  IMPS/Glow  ExDeriments 


We  had  the  pleasure  of  attending  an  IMPS  Workshop  on  31  July  1985.  A 
wide  variety  of  exciting  experiments  are  being  incorporated  into  this  pallet 
to  be  flown  on  the  Space  Shuttle.  That  mission  is  planned  to  be  at  350  km  in 
a  polar  orbit.  One  experiment  in  particular,  IMPS/GLOW,  was  described  by 
L.  Broadfoot  and  E.  Murad  (P.I.).  It  is  designed  to  gather  data  which  will 
provide  a  much  better  understanding  of  the  chemical  and  plasma  mechanisms 
occurring  above  surfaces  in  space.  Glow  is  but  one  manifestation  of  these 
processes.  The  IMPS/GLOW  experiment  will  cover  the  broad  spectral  range  of 
1 1 50-9000A .  During  pallet  free  flight  it  will  observe  a  variety  of  surfaces 
and  materials  over  a  range  of  orbital  conditions  and  viewing  geometries.  It 
has  a  quoted  sensitivity  of  1  R-s;  i.e.,  a  signal  of  1R  ( 1 06  photons/cm2-s)  i 
its  3A  resolution  element  will  have  a  signal- to-noise  (S/N)  of  1  if  a  Is  inte 
gration  time  is  used.  In  order  to  assist  in  defining  useful  and  successful 
measurements  for  that  experiment,  PSI  has  estimated  the  expected  radiance 
levels  based  solely  on  previous  orbital  glow  observations  neglecting  mecha¬ 
nisms  and  variabilities  such  as  surface  material.  These  orbital  observations 
include  Mende's  data  from  STS  3,  5,1  and  41D2,  the  Atmospheric  Explorer  satel 
lite  data  as  analyzed  by  Yee  and  coworkers,3,4  and  data  from  the  Imaging  Spec 
trometer  Observatory  (ISO)  as  analyzed  by  M.  and  D.  Torr.5 

S.  Mende  based  on  film  data  from  a  hand  held  camera-spectrophotometer 
estimated  glow  radiance  levels  as  being  300  kR  at  305  km  and  about  1  MR  at 
240  km.  Attempts  to  observe  glows  at  400-500  km  have  not  been  successful. 

The  glow  is  below  the  sensitivity  of  this  instrument  at  those  altitudes. 

The  above  radiances  were  for  a  specific  viewing  geometry  -  along  the 
surface  of  the  rear  stabilizer  fin,  a  10m  long  path.  The  spectral 


I 


distribution  of  this  glow  has  also  been  published  and  is  reproduced  in  Fig¬ 
ure  1.  The  integrated  radiance  (300  kR)  was  partitioned  into  50  nm  bandpasses 
based  on  this  spectral  distribution.  The  resulting  intensities  are  presented 
in  Table  1.  The  next  column  converts  these  radiances  to  R/A.  In  order  to 
estimate  the  glow  intensities  expected  at  IMPS  altitudes  (350  km)  the  glow 
intensity  was  scaled  as  atomic  oxygen  density.  The  AE  satellite  data  supports 
this  scaling  at  high  altitudes.4  This  will  result  in  an  upper  bound  estimate 
of  the  glow  because  the  other  major  atmospheric  constituents  fall  off  more 
rapidly  with  altitude.  Since  the  US  Standard  Atmosphere  1976  was  used,  no 
latitudinal  variability  was  assumed.  The  expected  radiances  from  a  10m  column 
along  a  ram  surface  at  350  km  are  given  in  the  next  column  of  the  table.  The 
column  of  glow  observed  by  the  IMPS  experiment  will  vary  considerably  -  20  cm 
for  a  radial  view,  10m  along  the  tail  fin,  up  to  37.5m  along  the  bottom  of  the 
shuttle.  Thus,  the  normalized  radiances  R/A-m  of  glow  column  observed  are 
given  in  the  table  also.  Finally,  the  S/N  per  meter  path  for  a  Is  integration 
time  is  given  for  each  bandpass  in  the  last  column  of  the  table  based  on  a 
1/3  R/A  radiance  giving  a  S/N  of  1  at  Is  integration  time.  For  example,  for  a 
Is  observation  time,  a  1m  surface  path  would  exhibit  a  glow  at  6800A  which 
would  have  a  S/N  of  10.  The  expected  S/N  levels  are  plotted  as  a  function  of 
wavelength  for  several  integration  times  in  Figure  2,  assuming  S/N  scales  as 
(integration  time) 1/2 t  From  this  figure  we  observe  that  we  would  have  to 
integrate  for  100s  to  attain  a  S/N  of  10  for  the  glow  levels  expected  at 
4900A . 


The  AE  satellite  data  is  acquired  using  filtered  bandpass  (20A)  radiom¬ 
eters  looking  radially  outward  from  the  satellite  surface  through  a  telescoped 
baffle.  This  baffle  extends  8  cm  beyond  the  surface  of  the  satellite  so  that 
a  portion  of  the  glow  layer  is  missed.  Thus,  this  data  provides  a  lower  bound 
on  expected  radiance  levels.  The  656.3  and  732  nm  channels  exhibited  the 
strongest  glow  radiances.  Both  these  bands  have  signal  levels  of  about  1R 
within  their  bandpass  at  350  km  altitude.  This  corresponds  to  a  S/N  of  0.15 
for  a  radial  view  with  Is  observation  (integration  time);  i.e.,  an  observation 
time  of  45s  would  be  required  to  exceed  a  S/N  of  1 . 
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Table  t.  Glow  Radiance  Estimates 
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The  ISO  experiment  was  on  STS-9  (Spacelab  1).  It  looked  radially  outward 
from  the  bay.  This  data  exhibited  a  complex  spectrum  spanning  the  UV  through 
near  IR.  The  interaction  surface/source  of  the  glow  has  not  been  determined 
for  these  data.  The  UV  intensities  have  been  attributed  in  part  to  earth  air- 
glow.  6  The  residual  intensities  have  been  used  as  an  upper  bound  of  any  sur¬ 
face  glow  between  115  and  415  nm.  At  250  km  this  glow  is  less  than  7.5  R/A 
between  1150  and  2300A  and  is  less  than  5  R/A  between  2300  and  4150A.  At 
350  km  (again  scaling  as  0)  these  radiances  become  <0.5  R/A  respectively  for  a 
radial  view. 

All  three  sets  of  data  are  presented  in  Figure  3  for  a  radial  view  (such 
as  would  be  seen  by  the  IMPS/GLOW  experiment  when  looking  into  ram)  .  Sur¬ 
prisingly  the  three  sets  of  observations  agree  to  within  an  order  of  magni¬ 
tude.  Considering  that  large  assumptions  have  been  made  and  that  two  sets  are 
bounds,  the  agreement  is  quite  good.  The  AE  data  observed  glow  above  insula¬ 
tion  blankets;  ISO  perhaps  above  painted  surfaces;  and  Mende  above  Shuttle 
reaction  cured  glass  tiles.  Because  the  spatial  extent  of  the  glow  is  meas¬ 
ured  only  for  Mende's  data  it  can  be  most  readily  transformed  into  a  radial 
geometry  for  comparison  with  the  other  data  sets.  Transforming  the  radially 
viewing  data  into  radiances  in  a  path  along  a  surface  is  hampered  by  ignorance 
of  its  spatial  distribution.  To  adjust  the  S/N  levels  in  Figure  3  for  surface 
path  length  viewing,  the  values  should  be  multiplied  by  the  ratio  of  (path 
length  along  surface  observed) /(assumed  spatial  extent  of  glow) .  The  AE  data 
has  been  analyzed  to  have  a  10m  spatial  extent. 

Figure  3  is  meant  to  be  a  guide  in  IMPS/GLOW  experiment  definition.  The 
actual  viewing  geometries  and  mission  objectives  must  be  coupled  with  Figure  3 
to  define  measurement  times.  Further  analysis  needs  to  be  performed  once 
surfaces,  timescales  and  sample  sizes  are  determined. 

Conclusions 


The  IMPS/GLOW  experiment  may  require  observation  of  large  surface  paths 
with  long  integration  times  to  observe  UV  glows  (based  on  ISO  mission  upper 


bounds) .  The  mission  being  at  high  altitude  severely  compromises  the  meas¬ 
urement  program.  Thruster  events  should  be  easily  observable  and  should  con¬ 
tain  a  great  deal  of  new  information  about  energetic  atmospheric  interactions 
with  spacecraft  effluents.  Of  course  IMPS  pallet  thrusters  should  be  disabled 
during  observations  and  the  glow  experiment  should  not  unintentionally  look 
into  the  ram  since  self  glow  will  easily  obscure  the  more  remote  glow  above 
shuttle  surfaces.  The  altitude  scaling  is  uncertain.  The  weakest  scaling  (as 
[0])  was  chosen.  Thus  these  radiance  estimates  may  be  too  intense.  The 
instrument  has  excellent  spectral  resolution.  Tradeoffs  between  lower  resolu¬ 
tion  and  increased  S/N  should  be  considered.  Emissions  observed  over  short 
surface  paths  or  surfaces  which  create  less  intense  glows  will  be  difficult  to 
observe.  The  spectral  distributions  of  particles  may  be  observable  in  the 
imaged  system. 
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ABSTRACT 

We  present  here  a  summary  of  the  relevant  observations  of  the  glow  occur 
ring  above  spacecraft  surfaces  in  low-earth  orbit  and  a  discussion  of  the 
possible  reactions  of  the  atmospheric  constituents  with  spacecraft  surfaces. 
The  importance  of  these  reactions  is  not  just  as  a  source  of  the  glow  which 
has  deleterious  effects  on  our  ability  to  make  remote  observations  from  space 
craft,  or  as  the  cause  of  material  erosion,  which  have  been  considered  pre¬ 
viously.  These  reactions  can  change  surface  composition  and  properties  alter 
ing  spacecraft  thermal,  structural,  or  electrical  characteristics.  In 
addition  to  the  normal  reaction  exothermicities,  these  processes  have  avail¬ 
able  the  large  kinetic  energy  of  the  atmospheric  precursor  impacting  Shuttle 
surfaces.  We  consider  the  spectral  emissions  which  could  arise  from  evolved 
surface  reaction  products  will  give  rise  to  a  variety  of  surface  specific 
glows. 

Short  Title:  Shuttle  Glow  as  an  Indicator  of  Material  Changes 
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INTRODUCTION 

One  of  the  most  surprising  observations  on  the  early  missions  of  the 
Space  Shuttle  was  the  presence  of  a  glow  above  the  surfaces  on  the  windward 
direction  of  the  Shuttle  during  passive  operational  periods.  This  phenomenon 
was  observed  on  STS-3  (Space  Transportation  System,  or  Space  Shuttle,  Flight 
Number  3)  by  Banks  et  al.  (1983).  Although  these  observations  have  been 
extended,  information  about  this  phenomenon  is  fragmentary:  there  are  still 
few  observations,  the  spectral  resolution  of  measured  emission  is  still  not 
sufficient  for  unique  identification,  and  the  observations  are  sometimes  con¬ 
tradictory.  A  number  of  theories  have  been  put  forward  to  explain  this 
phenomenon,  although  a  single  theory  which  explains  all  the  observations  has 
not  emerged  to  date.  The  Space  Shuttle  and  other  spacecraft  in  low-earth 
orbit  travel  at  a  speed  of  ~8  km  s~ ^ .  Thus  the  ambient  molecules  and  atoms 
collide  with  the  Shuttle  surfaces  and  with  the  contaminant  gas  cloud  surround¬ 
ing  the  Shuttle  at  fairly  high  energies  (the  relative  kinetic  energies  are 
4.6  eV  for  N,  5.2  eV  for  O,  9.3  eV  for  N2 ,  and  10.6  eV  for  O2) .  Consequently, 
a  discussion  of  possible  mechanisms  need  not  only  consider  reactions  which 
occur  at  thermal  energies,  but  should  also  consider  reactions  which  can  occur 
at  these  increased  interaction  energies.  In  this  paper  we  present  an  abbre¬ 
viated  summary  of  the  observations,  of  the  theories  that  have  been  put  forward 
to  date,  and  then  a  discussion  of  possible  reactions  involving  collisions  of 
the  ambient  gases  with  the  surfaces  of  the  Shuttle  or  other  solids  in  space. 


SUMMARY  OF  RESULTS  AND  EXPLANATIONS 


Briefly,  the  observations  are  as  follows: 


a.  The  Shuttle  glow  is  observed  only  in  the  ram  direction,  within  the 

dynamic  range  of  the  observations,  which  is  a  factor  of  about  20 

(Banks  et  al . ,  1983); 

b.  The  Shuttle  glow  has  been  observed  only  in  the  visible,  400  to  800  nm 

(Banks  et  al. ,  1983;  Mende  et  al . ,  1983;  1984a;  Swenson  et  al . , 

1985) ; 
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The  Atmospheric  Explorer  satellites,  AE-C  and  AE-E,  seem  to  exhibit 
extraneous  emission,  which  is  thought  to  be  due  to  the  glow  (Yee  and 
Abreu ,  1982;  1983); 

The  Dynamic  Explorer  satellite,  DE-B,  also  exhibits  extraneous 
emission  (Langhoff  et  al. ,  1983;  Abreu  et  al. ,  1983); 

Data  from  STS-4  clearly  show  a  small  but  real  dependence  of  intensity 
on  angle  of  attack  (Mende  et  al. ,  1983;  1984b);  the  AE-C  data 
exhibits  a  much  stronger  (Cos-*)  dependence  on  the  angle  of  attack 
(Yee  and  Abreu,  1983); 

The  glow  seems  to  extend  about  20  cm  beyond  the  Shuttle  tail 
stabilizer  surfaces  (Yee  and  Dalgamo,  1983);  the  spatial  extent  is 
smaller  over  the  curved  Remote  Manipulator  System  (RMS)  arm  (Mende 
and  Swenson,  1985); 

The  spatial  extent  of  the  glow  is  independent  of  material,  but  the 
intensity  depends  on  the  material  (Mende  et  al. ,  1984b); 

At  an  altitude  of  305  km,  the  glow  intensity  is  about  300  kR 

(3  x  1011  cm-2  s-1)  above  the  rear  engine  pods,  as  estimated  on  STS-5 

(Mende  et  al.,  1983); 

A  coarse  spectroscopic  measurement  in  the  region  420  to  800  nm  at  a 
resolution  of  3  nm  shows  a  broad  spectrum  with  a  maximum  at  about 
670  nm  (Swenson  et  al.,  1985); 

A  high  resolution  spectrum  obtained  with  a  telescope  on  Spacelab  1 
pointing  towards  deep  space  indicates  the  presence  of  many  lines, 
some  of  which  resemble  N2  electronic  transitions  (Torr  and  Torr, 
1985).  These  measurements  were  not  made  near  a  Shuttle  surface, 
however; 


k.  The  glow  intensity  of  the  AE-satellites  seems  to  scale  with  [0]  at 

altitudes  >180  km  and  with  1^]^  or  at  altitudes  <160  km  (Yee 

and  Dalgarno,  1983;  Yee  et  a 1.,  in  press); 

l.  An  extraneous  emission  due  to  the  Lyman-ct  line  of  H  has  been  observed 
on  a  satellite  (STP78-1)  at  an  altitude  of  600  km  (Chakrabarti  and 
Sasseen,  1985) ; 

m.  Both  NO  and  NO2  have  been  observed  at  enhanced  levels  by  a  semi-open 
source  mass  spectrometer  on  AE-C  and  D  and  by  a  closed  source  mass 
spectrometer  on  DE-B.  NO  is  formed  by  a  fast  process  and  is  observed 
initially.  NO2  is  observed  at  later  times.  The  observed  concentra¬ 
tions  were  dependent  on  surface  temperature  (Engebretson ,  1985); 

n.  Concentrations  of  non- ionospheric  alkali  ions,  NO+  and  02+  have  been 
observed  above  surfaces  of  the  AE-D  satellite.  The  altitude  scaling 
of  the  alkali  ions  is  similar  to  0+  at  high  altitudes.  At  lower 
altitudes  the  alkali  ions  and  02+  scale  as  N2  and  O2 .  NO+  ions 
appeared  to  be  formed  by  O  collisions  with  the  surfaces.  The 
released  ions  have  a  characteristic  energy  of  1  eV  (Hanson  et  al., 
1981 ) . 

The  theories  which  have  been  offered  to  explain  this  phenomenon  are: 

a.  Simple  gas-phase  or  gas-solid  reactions  giving  rise  to  excited 
neutrals,  such  as  OH*  (Slanger,  1983); 

b.  Surface-induced  decomposition  of  molecules  followed  by  recombination 
into  excited  electronic  and  vibrational  states  (Green,  1984);  (Green, 
et  al. ,  1985)  ; 

c.  A  plasma  interaction  arising  from  the  critical  ionization  phenomenon 
(Papadopoulos,  1984); 


d.  Adsorption  of  0  and  O2  on  surfaces  (Prince,  1985);  and 

e.  Surface  recombination  of  [0]  and  [N]  to  yield  [NO],  followed  by 
recombination  of  [NO]  with  [0]  on  the  surfaces  to  yield  [NO2*] 
(Swenson  et  al. ,  1985). 

The  observations  referred  to  above  do  not  provide  enough  information  to 
choose  among  the  hypotheses  offered  thus  far.  The  explanations  are  also 
incomplete  in  that  objections  can  and  have  been  raised  to  each  (see,  for 
example,  the  review  of  the  plasma  hypothesis  by  Kofsky  (1984)).  It  is  most 
likely  that  several  different  processes  are  occurring  at  various  times  over 
the  surfaces  of  the  Shuttle  as  the  orbital  environment  changes.  The  effects 
of  outgassing,  thruster  firings,  and  dumps  on  glow  are  only  beginning  to  be 
investigated  (see,  for  example,  the  review  by  Mende  and  Swenson  (1985)). 


REACTIONS  ABOVE  SHUTTLE  SURFACES 


A  number  of  interactions  between  the  energetic  ambient  flux  and  the 
Shuttle  near-field  environment  are  possible.  These  include  gas-phase  colli¬ 
sions  between  the  ambient  flux  and  1)  the  reflected  ambient  flux,  2)  the  out- 
gassed  and  offgassed  contamination  cloud,  and  3)  the  thruster  plume  effluents. 
In  addition  all  of  the  above  species  will  be  adsorbed  to  some  extent  on  the 
Shuttle  surfaces  where  they  are  subjected  to  the  raming  atmospheric  flux.  The 
magnitudes  of  these  processes  which  can  occur  on  and  above  Shuttle  surfaces 
and  the  resulting  spectral  signatures  are  treated  in  a  separate  paper  (Green 
et  al.,  1985).  The  most  likely  radiators  resulting  from  these  interactions 
are  vibrationally  excited  diatomic  molecules  notably  NO,  CO,  and  OH.  High 
vibrational  overtones  of  NO  were  shown  to  resemble  the  observed  visible  glow 
emission  spectrum. 

Another  recent  study  of  the  Shuttle  glow  led  Swenson  et  al.  (1985)  to 
conclude  that  the  emission  is  due  to  NO2  which  is  formed  on  the  surface  of  the 
Shuttle.  In  this  process  N  and  0  atoms  recombine  to  form  an  NO  molecule  which 
sticks  to  the  surface  long  enough  to  react  with  another  0  atom  to  give  an 
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exited  NO2.  Consequently,  the  glow  should  depend  on  [0]^  and  on  [N]  .  Alter¬ 
nately,  if  the  atmospheric  NO  concentration  is  comparable  to  the  N  atom  con¬ 
centration,  a  simpler  two-step  process  may  be  occurring:  adsorption  of 
ambient  NO  followed  by  a  Rideal  mechanism  attack  by  O-atoms  to  form  gas-phase 
NO2*.  Here  the  glow  would  scale  as  [NO] [O] .  The  observations  by  Yee  and 
Abreu  (1983)  indicate  that  the  intensity  of  the  glow  at  high  altitudes  varies 
linearly  with  [0]  in  two  wavelength  bands  656.3  and  732  nm.  Thus,  NO2  may  not 
be  a  major  constituent  of  the  satellite  glow  or  the  satellite  and  Shuttle 
glows  arise  from  different  mechanisms.  Recent  analysis  by  Yee  et  al.  (in 
press)  suggests  that  the  AE  data  can  be  interpreted  in  terms  of  a  dependence 
on  [0]  at  altitudes  above  180  km,  and  on  L^]^  or  [0 2 ^ ^  at  altitudes  below 
160  km. 

If  future  higher  resolution  measurements  of  the  glow  above  surfaces  sub¬ 
stantiate  the  identification  of  the  origin  of  the  glow  as  being  NO2,  then  an 
alternative  class  of  mechanisms  may  be  occurring  as  well.  For  example,  water 
adsorbed  on  the  surface  could  react  with  ambient  N  atoms,  according  to  Reac¬ 
tion  (1)  in  Table  2,  which  is  exothermic  by  33.9  kcal/mol  (1.47  eV)  in  the  gas 
phase  for  even  thermal  energy  reactants.  The  product  NO  can  then  recombine 
with  atomic  oxygen  or  energetic  O2  to  form  NO2. 

GAS-SOLID  REACTIONS 


In  addition  to  the  above  processes,  the  ambient  flux  can  interact  with 
the  spacecraft  surfaces  directly.  In  this  section  we  consider  some  possible 
reactions  of  energetic  (5  to  10  eV)  ambient  ions  and  neutrals  with  Shuttle 
surfaces  which  can  lead  to  the  formation  of  excited  species  which  can  produce 
glow  in  several  spectral  regions.  We  will  also  consider  briefly  the  inter¬ 
action  of  the  ambient  with  advanced  materials  being  considered  for  long-term 
use  in  space.  The  importance  of  these  reactions  is  not  just  the  production  of 
the  glow  or  even  material  erosion,  but  that  the  composition  and  properties  of 
the  surface  will  change  altering  their  thermal,  structural,  or  electrical 
characteristics.  For  example,  changing  a  insulator  into  a  semiconductor  or 
altering  spectral  emissivity  (see  below) .  These  insidious  effects  can  have  a 
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significant  impact  on  long-term  space  structures  in  Low  Earth  Orbit  (LEO). 

The  fact  that  gas-surface  reactions  often  occur  was  demonstrated  by  mass 
spectrometric  observations  of  Von  Zahn  (1985)  on  the  Shuttle  where  non- 
atmospheric  CO  was  created  inside  that  instrument  by  ambient  0  reacting  with 
carbon  impurities  in  the  stainless  steel  instrument  walls. 

Since  the  Shuttle  glow  has  been  observed  only  on  surfaces  in  the  ram 
direction,  the  composition  of  the  surface  material  and  the  interaction  of  this 
material  with  the  ambient  at  orbital  velocities  appears  to  be  responsible  for 
the  observed  emission.  The  thermal  protection  system  (TPS)  of  the  Space 
Shuttle  consists  of  silica  fiber  tiles  (Korb  et  al. ,  1981)  which  have  high 
strength  and  thermal  stability  at  the  same  time  as  low  weight.  The  exact  com¬ 
position  of  the  outer  layers  of  the  tiles  depends  on  their  location  and  on  the 
function  they  serve.  On  the  bottom  of  the  Shuttle,  black  tiles  are  used  for 
high  emittance  properties  (emittance  >0.8),  whereas  on  the  top  of  the  Shuttle 
the  tiles  are  white  and  have  emittance  of  0.2  to  0.4  (Korb  et  al.,  1981).  The 
surfaces  which  have  been  observed  to  glow  are  composed  of  silica  tiles  coated 
with  borosilicate  glass  doped  with  small  amounts  of  other  compounds.  Other 
surfaces  and  other  materials  glow  as  well  but  the  intensity  (and  perhaps  the 
spectral  distribution)  varies  (see,  for  example,  Mende  et  al. ,  1984a).  All  of 
the  successful  spectroscopic  studies  have  been  made  looking  at  the  glow  near 
the  tail  surface. 

The  materials  doped  into  the  borosilicate  glasses  of  the  tiles  include 
alumina,  SiB4  ,  SiC,  and  other  minor  constituents  which  are  used  for  special¬ 
ized  applications .  It  may  be  that  the  glow  arises  from  the  reaction  of  these 
minor  constituents  with  the  ambient.  For  example,  silicon  carbide,  which  is  a 
constituent  of  the  tiles,  can  react  with  fast  C>2  to  yield  either  SiO  or  CO, 
via  Reaction  (2),  which  is  exothermic  by  about  34  kcal/mol.  When  the  orbital 
velocity  is  taken  into  account,  the  reaction  becomes  exothermic  by  >11  eV , 
enough  to  form  SiO  and  CO  in  excited  electronic  states.  There  are  numerous 
possibilities.  Table  1  lists  the  heats  of  formation  of  some  compounds  (possi¬ 
ble  reactants  and  products) .  Table  2  lists  the  heats  of  reaction  for  a  few 
possible  reactions  of  the  type  discussed  here  based  on  the  heats  of  formation 
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Heats  of  Some  Reactions 


A. 

Exothermic  Reactions  at  Thermal  Energies 

(1) 

N  +  H2O  -  NO  +  H2 

-33.9  kcal/mol 

(~1.5  eV) 

(2) 

SiC(c)  +  02  =  SiO(g)  +  CO 

-34  kcal/mol 

<~1 .5  eV) 

(3) 

(1/5)  S3N4(c)  +  02  *»  3/5  Si02(c)  +  (4/5) 

NO  -78.4  kcal/mol 

(~3 .4  eV) 

(10) 

SiC(c)  +  0  -  Si(c)  +  CO 

-71  kcal/mol 

(~3  eV) 

(11) 

2/3  SiC(c)  +  02  =  2/3  Si02(c)  +  2/3  CO 

-153  kcal/mol 

(~6 .7  eV) 

B. 

Reactions  Endothermic  at  Thermal  Energies  but 

Exothermic  at  Orbital  Energy 

(12) 

SiC(c)  +  N  =  Si(c )  +  CN 

+6 . 9  kcal/mol 

(0.3  eV) 

(13) 

Si02(c)  +  2N  -  Si(c)  +  2  NO 

+34.9  kcal/mol 

(~1 .5  eV) 

(9) 

Ti02(s)  +  0  =  TiO(s)  +  02 

+41  kcal/mol 

(~1 .8  eV) 

(5) 

6/7  SiC(c)  +  N2  «  2/7  Si3N4(c)  +  6/7  CN 

+51.5  kcal/mol 

(2.2  eV) 

(8) 

Si02(c)  +  N  =  SiO(g)  +  NO 

+102  kcal/mol 

(~4 . 4  eV) 

(6) 

2/5  M203(c)  +  N2  =  4/3  AiN(c)  +  5  NO 

+122  kcal/mol 

(5.3  eV) 

C. 

Reactions  Slightly  Endothermic  at  Orbital  Velocities 

(4) 

3/2  Si02(c)  +  N2  ■*  1/2  Si3N4(c)  +  3/2  02 

+237.5  kcal/mol 

(~10 .3  eV) 

(7) 

SiC(c)  +  N2  =  SiN(g)  +  CN 

+234  kcal/mol 

(10.2  eV) 

♦Negative  heats  indicate  the  reaction  is  exothermic,  while  positive  heats 
indicate  the  reaction  is  endothermic. 


of  Table  1.  Due  to  its  reactive  nature,  atomic  oxygen  is  a  strong  candidate 
to  undergo  reactions  of  this  type.  It  should  be  emphasized,  however,  that  the 
equilibria  listed  above  are  thermodynamic  processes.  The  actual  path  to  a 
given  equilibrium  may  involve  tens  of  intermediate  steps.  As  a  result  there 
may  be  several  rate-limiting  steps  causing  the  reactions  to  proceed  slowly. 

In  surfaces  containing  hydrocarbons,  excited  OH,  and  CO  may  be  created, 
as  documented  by  various  laboratory  observations  (see,  for  example,  the  review 
by  Green  et  al.,  1985).  Infrared  and  even  visible  emissions  can  result  from 
these  interactions. 

An  example  of  another  possible  class  of  reactions  is  the  catalytic  reac¬ 
tion  of  N2  and  O2  to  form  NO  via  a  nitridation  cycle  consisting  of  Reac¬ 
tion  (3)  followed  by  Reaction  (4).  Reaction  (4),  which  is  endothermic  by 
10.3  eV  at  thermal  energies,  becomes  endothermic  by  ~1  eV  when  the  energy  of 
N2  arising  from  the  relative  velocities  of  the  Shuttle  and  the  atmosphere  are 
considered.  However,  the  ambient  N2  molecules  have  a  random  thermal  velocity 
distribution  which  alters  the  kinetic  energy  of  impact  on  surfaces.  Although 
the  average  kinetic  energy  for  N2  is  9.3  eV,  approximately  10  percent  of  the 
molecules  will  strike  the  surfaces  with  10.3  eV  or  greater  energy  (in  the 
absence  of  gas-phase  collisions  which  slow  the  incoming  ambient  molecules) .  A 
few  percent  of  the  collisions  will  even  occur  with  kinetic  energies  of  greater 
than  11  eV.  (Correspondingly  10  percent  of  the  collisions  will  have  an  energy 
of  less  than  8.3  eV.)  Consequently  even  the  endothermic  processes  listed  in 
Table  2  have  a  finite  probability  for  reaction.  The  catalytic  formation  of  NO 
via  a  nitride  intermediate  bt  -'omes  possible  for  N2+  impact  on  a  silica  surface 
(similar  to  Reaction  (2)  above),  since  the  ionization  energy  of  N2  is  released 
in  collision.  Experiments  by  Shamir  et  al.  (1978)  and  by  Taylor  et  al.  (1982) 
show  that  nitridation  of  Si02 ,  A Z,  Cu,  Mo,  and  Ni  can  take  place  quite  easily 
at  collision  energies  varying  between  0  and  500  eV.  Surface  nitridation 
(Reactions  (5)  -  (7))  can  change  the  surface  properties  enhancing  reaction 
rates  (erosion),  changing  thermal  or  electrical  properties.  A  further  example 
of  this  is  given  by  the  transformation  of  an  insulator  Si02(c)  into  a  semi¬ 
conductor,  Si(c).  This  process  can  be  conceptually  viewed  as  an  N  atom  attack 


on  SiC>2(c)  to  form  SiO  dissolved  in  the  solid  Si02  followed  by  two  SiO  mole¬ 
cules  reacting  to  form  Si(c).  Both  NO  and  O2  are  generated  in  this  process. 
Although  the  thermochemistry  of  dissolved  SiO  is  not  known,  the  gas-phase 
products  could  have  in  excess  of  4  eV  internal  energy  (based  on  Reaction  (8)). 

Another  possibility  is  that  the  surface  material  may  extract  oxygen  atoms 
from  adsorbed  H2O.  Porter  and  Smith  (1962)  observed  that  CF3CJL3  reacts  with 
graphite  at  temperatures  varying  between  500  and  1000K  in  such  a  way  that 
CF2CJI2  is  released  in  the  gas  phase  and  one  atom  each  of  Cl  and  F  is  retained 
in  the  graphite  in  some  sort  of  a  chemical  bond.  The  analogous  case  here 
would  be  the  release  of  H2  and  the  retention  of  0  by  the  surface.  Such  a 
reaction  is  endothermic  in  the  gas  phase,  but  may  be  possible  binder  the  impact 
of  energetic  H2O  formed  by  collisions  with  ambient  species  as  observed  by 
Narcisi  et  al.  (1983).  If  this  step  were  to  occur,  NO2  can  then  be  formed  by 
■itie  reaction  of  N  with  the  adsorbed  0  and  a  subsequent  ambient  0  atom.  In 
this  case  the  intensity  should  be  linear  with  both  [N]  and  [0]  . 

Some  of  the  new,  advanced  structural  materials  considered  for  space-borne 
observatories  consist  of  ultra-low  expansion  structures  made  of  S1O2  doped 
with  TiC>2 .  These  structures  sure  made  of  honeycombed  or  bonded  frits  of  this 
material  (2  mm  thick)  coated  with  suitable  reflectors.  They  are  at  special 
risk  of  being  attacked  by  the  type  of  reactions  outlined  above.  For  example, 
Reaction  (9)  is  endothermic  by  about  41  kcal/mol  at  thermal  energies.  How¬ 
ever,  in  the  low  earth  orbit  environment  it  becomes  exothermic  by  about 
3.4  eV,  since  O  has  5.2  eV  in  kinetic  energy.  The  excess  energy  may  well 
appear  as  glow  above  the  surface,  due  to  excitation  of  03.  Surface  emissivity 
changes  as  TiC>2  is  transformed  to  TiO  by  Reaction  (9)  may  affect  space  systems 
thermal  performance. 

SPECTRA L  RAMIFICATIONS 

Each  of  the  processes  discussed  above  may  have  different  internal  energy 
distributions  in  the  product  molecules  and  consequently  a  unique  spectral 
signature.  Thus,  we  suggest  that  the  glow  may  be  used  as  an  indicator  of  the 


types  of  interactions  occurring  at  surfaces.  Energy  losses  to  the  solid  prod¬ 
ucts  and  to  the  desorption  process  must  be  considered,  but  sufficient 
exothermicity  exists  to  allow  vibrational  and  electronic  excitation  in  the 
evolved  gas  phase  species  which  could  result  in  fluorescence.  In  this  section 
we  will  briefly  consider  potential  spectral  emissions  resulting  from  the 
various  processes.  The  actual  emission  spectrum  resulting  from  these  reac¬ 
tions  can  be  obtained  only  from  laboratory  or  on-orbit  observations. 

From  inspection  of  Table  2,  it  is  seen  that  four  species  could  be 
released  into  the  gas  phase  with  some  amount  of  internal  excitation:  NO,  CO, 
SiO,  and  CN .  The  first  three  are  produced  in  interactions  which  are  suffi¬ 
ciently  exothermic  (if  reactant  kinetic  energy  is  included)  that  internal 
excitation  up  to  the  dissociation  limit  is  possible.  Equipartitioning  of 
available  energy  into  all  available  degrees  of  freedom  is  not  expected  and  a 
fraction  of  the  gas-phase  products  may  leave  with  considerable  translational, 
rotational,  vibrational,  or  electronic  excitation.  The  formation  of  elec¬ 
tronic  states  above  the  dissociation  energy  is  not  considered  here  but  should 
not  necessarily  be  ruled  out. 

Silicon  monoxide  could  be  excited  into  any  of  1 1  electronic  states 
(including  the  ground  state)  lying  below  its  dissociated  energy.  [Huber  and 
Herzberg,  1979].  Vibrational  emission  (from  the  ground  state)  would  occur  at 
8.14  um  in  the  infrared  with  overtone  bands  at  4  and  2.7  uni.  Furthermore  many 
tens  of  quanta  of  vibrational  excitation  are  possible  in  the  SiO  product  mole¬ 
cule  giving  rise  to  a  strong  infrared  glow.  Emission  from  the  relatively 
short-lived  ( 1 0~s  s)  A  and  E  states  falls  in  the  UV  between  210  to  270  nm  and 
170  to  200  nm  respectively  [Pearse  and  Gaydon,  1963].  Emission  from  the 
longer  lived  b-x,  f-b,  and  c-b  transition  bands  would  extend  from  290  nm  to 
the  420  nm  region. 


Cyanogen  could  be  created  with  considerable  internal  excitation  from 
Reaction  (12).  It  has  three  accessible  states  X(ground  state),  A(^IIi)  ,  and 
B(2£+).  Vibrational  emission  would  occur  at  4.9  ym  with  hot  bands  extending 
to  6  ym  and  beyond.  The  first  overtone  bands  would  start  at  2.46  ym.  Higher 
overtone  transitions  could  reach  into  the  visible.  The  CN  Red  (A-X, 
t  “  680  ns)  and  Violet  (B-X,  t  ■  65  ns)  systems  emit  visible  photons.  The  Red 
system  has  structured  electronic  progressions  stretching  from  500  nm  to  beyond 
1  urn.  The  Violet  system  is  dominated  in  the  laboratory  by  three  strong  fea¬ 
tures  at  422,  388,  and  359  nm. 

Carbon  monoxide  also  has  11  accessible  electronic  states  which  could  give 
rise  to  a  very  rich  UV  and  visible  spectrum  with  bands  occurring  between 
100  nm  and  1.6  ym.  Some  of  the  possible  emission  bands  from  CO  are  listed  in 
Table  3.  The  vibrational  fundamental  and  first  overtone  bands  are  at 
4.67  and  2.35  ym.  Again,  higher  overtones  can  extend  into  the  visible.  The 
a  state  is  sufficiently  long  lived  to  give  rise  to  an  extended  glow  layer 
above  surfaces  where  this  state  is  created. 


TABLE  3 

Some  CO  Electronic  Emissions 


Name 

States 

Lifetime^3  * 

Spectral  Region^*3) 
(nm) 

Asundi  Bands 

a 1  ->a 

3-4y  s 

575> 1 600 

Angstrom 

B*A 

15-22  ns 

410-660 

Triplet 

d+a 

- 

450-650 

Third  Positive 

b+a 

53-69  ns 

283-370 

Cameron 

a*X 

7. 5-9.5  ms 

200-257 

Fourth  Positive 

A+X 

9-11  ns 

200-275 

(a)  -  (Huber  and  Herzberg,  1979) 

(b)  -  Pearse  and  Gaydon ,  1963. 


Nitric  oxide  emissions  have  been  described  previously.  Although  six 
states  are  accessible,  emission  should  be  dominated  by  vibrational  bands  in 
the  infrared  with  high  overtone  transitions  extending  into  the  visible,  and  by 
Y,  8,  and  6  band  emission  in  the  UV. 


The  UV  electronic  transitions  are  relatively  short  lived  and  would  give 
rise  to  a  thin  glow  layer  just  above  the  reactive  surface.  The  longer  lived 
states  such  as  molecules  vibrationally  excited  in  the  ground  state  and  CO(a) 
take  5  to  80  ms  to  decay  giving  rise  to  a  much  more  extended  glow.  For 
example,  for  a  10  ms  lifetime  a  molecule  leaving  the  surface  translationally 
equilibrated  would  give  rise  to  a  glow  layer  of  3m  extent.  If  the  molecule 
left  the  surface  with  1  eV  of  directed  kinetic  energy,  the  glow  layer  would 
extend  tens  of  meters. 


SUMMARY 

We  have  presented  a  summary  of  the  relevant  observations  of  the  glow 
occurring  above  spacecraft  surfaces  in  low-earth  orbit  and  a  discussion  of  the 
possible  reactions  of  the  atmospheric  constituents  with  spacecraft  surfaces. 
The  importance  of  these  reactions  is  not  just  as  a  source  of  the  glow  which 
has  deleterious  effects  on  our  ability  to  make  remote  observations  from  space¬ 
craft,  or  as  the  cause  of  material  erosion  which  have  been  considered  previ¬ 
ously.  These  reactions  can  change  surface  composition  and  properties  altering 
spacecraft  thermal,  structural,  or  electrical  characteristics.  Nitridation, 
changes  from  insulator  to  semiconductor,  and  emissivity  alterations  were  given 
as  examples.  In  addition  to  thermal  reaction  energetics,  these  processes  have 
available  the  large  kinetic  energy  of  the  atmospheric  precursor  impacting 
Shuttle  surfaces.  We  have  considered  the  spectral  emissions  which  could  arise 
from  evolved  surface  reaction  products  will  give  rise  to  a  variety  of  surface 
specific  glows.  These  glows  can  be  used  as  a  remote  diagnostic  to  provide 
insight  into  the  changes  occurring  in  on-orbit  materials. 
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REVIEW  OF  THE  SPACECRAFT  GLOW 
B.o.  Green* 

Physical  Sciences  Inc. 
Dascomb  Research  Park 
Andover ,  MA  10810 


This  paper  will  review  the  current  data  base  on 
the  glow  observed  above  surfaces  of  spacecraft, 
particularly  the  Shuttle,  which  are  exposed  to  the 
energetically  impacting  atmospheric  flux.  The  var¬ 
ious  mechanisms  which  have  been  proposed  will  be 
considered.  Several  experiments  which  are  planned 
or  have  been  proposed  will  also  be  briefly  dis¬ 
cussed  to  indicate  the  additional  knowledge  they 
may  provide  about  the  intriguing  glow  phenomenon. 

Introduction 

The  benefits  which  could  be  achieved  by  space 
based  observation  platforms  for  astronomy  or  atmos¬ 
pheric  remote  sensing  may  be  seriously  compromised 
by  the  presence  of  a  diffuse  near  field  glow  phe¬ 
nomenon  which  has  been  observed  above  surfaces  sub¬ 
jected  to  the  impact  of  atmospheric  species  as  the 
spacecraft  sweeps  through  the  low  earth  orbital 
atmosphere  at  8  km/a.  The  residual  atmosphere 
appears  to  be  capable  of  generating  molecular  exci¬ 
tation  in  this  interaction.  However,  the  exact 
mechanisms  and  reactants  which  give  rise  to  the 
glow  will  dictate  the  approaches  used  in  future 
efforts  to  reduce  its  effects.  Whether  the  glow 
results  from  interactions  of  the  ambient  flux  with 
contamination,  thruster  effluents,  surface  adsorb¬ 
ates,  catalytic  surfaces,  or  in  the  surface  mate¬ 
rials  themselves  will  determine  whether  or  not 
reduction  is  possible  and  what  remedial  actions  to 
be  taken.  A  single  mechanism  has  not  emerged  as 
the  source  of  the  glow.  The  existing  observations 
often  do  not  agree.  It  is  possible  that  several 
different  processes  could  be  occurring  at  different 
times  in  the  variable  environment  on-orbit.  The 
existing  data  base  is  insufficient  to  allow  the 
dominant  mechanisms  to  be  determined.  Future  mea¬ 
surement  programs  must  be  aimed  toward  better  char¬ 
acterizing  and  extending  the  current  data  base  — 
spectrally,  temporally,  and  spatially,  as  well  as 
over  a  variety  of  surfaces  and  orbital  conditions 
both  natural  (such  as  altitude,  solar  flux)  and 
induced  (such  as  contamination  levels,  thruster 
firings,  water  dumps).  The  role  of  supporting 
ground  based  simulation  facilities  wi.il  also  be 
discussed . 

Observations  of  the  Glow  Above  Surfaces 
in  Low  Earth  Orbit 

A  glow  has  been  detected  above  surfaces  of  both 
satellites  and  the  Shuttle.  Comparison  of  the  two 
data  bases  is  complicated  by  the  lack  of  similarity 
between  the  detection  systems  and  geometries.  The 
glow  above  Shuttle  surfaces  was  first  observed 
(fortuitously)  above  the  tall  pod  section  by  Banks 
and  coworkers'  on  the  STS-3  mission.  Starting  with 
the  next  mission  Steven  Mende  and  coworkers 
undertook  a  series  of  systematic  measurements  which 
have  accumulated  the  most  extensive  data  base  of 
Shuttle  glow.2*7  Since  these  measurements  will  be 
described  in  the  next  paper  in  this  session,®  we 
will  only  state  their  results  in  relation  to  other 
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observations.  The  other  extensive  glow  data  base 
on  the  Shuttle  was  acquired  by  the  Imaging 
Spectrometric  Observatory  (ISO)  which  was  part  of 
the  Spacelab  1  mission.  This  instrument  looked 
directly  out  of  the  bay  not  at  Shuttle  surfaces  but 
still  observed  significant  spectral  emissions  not 
of  atmospheric  origin.  This  data  has  excellent 
temporal  and  spectral  resolution.  M  Torr  and 
D.  Torr  have  just  begun  to  unravel  this  complex  but 
very  intriguing  data  base,9  and  will  present  their 
current  progress  in  Session  14  of  this  meeting.'® 

The  on-orbit  environment  surrounding  satellites 
should  be  much  cleaner  than  that  of  the  Shuttle: 
the  satellites  are  on-orbit  for  years  so  payload 
outgassing  has  substantially  decreased;  there  are 
few  thruster  firings;  and  there  is  no  lifesupport- 
induced  cloud  of  HjO  or  CC^.  Nevertheless  a  resid¬ 
ual  emission  not  of  natural  atmospheric  origin  has 
been  found  upon  careful  inspection  of  the  data. 

Yee  and  coworkers'2*’5  and  M.  Torr'6  have  analyzed 
the  visible  and  UV  data  base  from  the  Atmospheric 
Explorer  (A£)  C  and  E  and  Dynamics  Explorer-2  satel¬ 
lites.  Recently,  an  additional  interaction- induced 
emission  in  the  far  ultraviolet  has  been  described 
by  Chakrabarti,  et  al.18 

Variation  of  the  Glow  Intensity  with  Altitude  and 
Angle  of  Attack 

The  altitude  variation  provides  insight  into  the 
reactive  source  of  the  glow.  The  angular  dependence 
will  demonstrate  the  role  of  kinetic  energy  and 
flux.  The  most  extensive  data  on  altitude  scaling 
of  glow  above  spacecraft  is  from  the  AE  -  C  and  E 
satellites'2  which  were  in  highly  elliptical  orbit. 
This  permitted  the  altitude  variation  of  the  glow  to 
be  measured  during  each  orbit  so  that  long  term 
fluctuations  in  atmospheric  composition  do  not  com¬ 
promise  these  observations.  The  detection  system 
consists  of  filtered  photometers  looking  radially 
outward  from  the  surface  of  the  rotating  satellite 
through  a  telescope.  The  telescope  baffling  pro¬ 
trudes  8  cm  out  into  the  boundary  layer  above  the 
satellite  surface  so  that  a  portion  of  the  glow  may 
be  misted.  Alternately,  glow  may  be  occurring 
inside  the  telescope.  Six  filtered  photometer  chan¬ 
nels  (with  ~2.0  nm  bandpass)  were  used  for  atmos¬ 
pheric  observation.  An  enhanced  amission  was 
clearly  observed  up  to  altitudes  of  450  km’-  in  the 
two  red  channels  centered  at  656.3  and  732.0  nm. 

The  altitude  scaling  of  this  enhanced  emission 
between  140  and  280  km  is  found  to  scale  with  the 
atomic  oxygen  density  above  180  km.'2  and  to  scale 
as  neutral  molecular  density  (N2  or  O2 )  squared  in 
the  140-180  km  altitude  region.  [In  this  latter 
altitude  range  the  density  of  «2  is  an  order  of  mag¬ 
nitude  greater  than  O2.)2®  The  angular  variation  of 
this  intensity  was  found  to  agree  with  a  modeled 
coe2i>  distribution  with  respect  to  the  angle  of 
attack.'2  Yee  and  Abreu  have  suggested  that  a 
flux  x  impact  energy  dependence  would  match  this 
behavior. 

Because  the  Shuttle  usually  remains  at  a  sing.e 
altitude  during  a  mission,  altitude  variation  of 
the  glow  is  limited  to  comparison  of  observation;- 
from  different  flights  which  are  months  apart. 


This  results  In  large  uncertainties  due  to  detec¬ 
tion  system  response  changes  or  atmospheric  vari¬ 
ability.  The  glow  was  observed  from  the  rear  cabin 
window  looking  through  a  10  m  long  column  just 
above  the  tall  and  engine  pods.  After  carefully 
correcting  for  film  exposure  reciprocity,  the 
Intensity  was  found  to  be  a  factor  of  3.S  brighter 
at  240  km  than  at  305  km.4  This  scaling  Is  not 
Inconsistent  with  the  A£  satellite  observations. 

The  total  Intensity  between  400  and  800  nm  bandpass 
was  found  to  be  several  hundred  kllorayleighs 
(1  Rayleigh  «  106  photona/cm2s )  for  STS  5  at 
305  km,  making  the  radiance  on  the  order  of  t  meg a- 
rayleigh  at  240  km.  these  Intensities  are  compar¬ 
able  In  Intensity  to  emission  features  from  the 
entire  earth  limb.  On  the  Shuttle,  the  variation 
of  the  glow  with  angle  relative  to  the  velocity 
vector  was  obtained  by  rolling  the  Shuttle  slowly 
through  360  degrees.  This  striking  photographic 
data  Indicated  a  much  weaker  angular  dependence  of 
glow  scaling  as  less  than  linear  with  coe$ .  The 
Shuttle  tile-surfaces  are  very  structured  -  there 
Is  always  a  surface  facet  normal  to  the  velocity 
vector  at  even  large  angles  of  attack.  Thus  it  is 
difficult  to  Infer  a  kinetic  energy  dependence  from 
this  observation.  Surfaces  not  exposed  to  the  ram 
flux  did  not  glow,  the  shadowed  regions  had  sharp 
edges.  No  glow  Intensity  has  been  observed  In  the 
wake.  If  present  it  is  at  lsast  two  orders  of  mag¬ 
nitude  lower  than  Intensities  In  ram.21 

Spatial  Extent  Above  Surfaces 

Even  In  the  first  observation  by  Banks  and  co¬ 
workers1  the  glow  appeared  to  stand  off  above  the 
surfaces.  Later  pictures  showed  stars  shining 
through  the  glow  layer.  A  detailed  analysis  of  the 
glow  extant  which  Included  tail  and  viewing  geom¬ 
etries  was  performed  by  Yee  and  Dalgarno.22  They 
concluded  that  the  glow  exponentially  decreased 
above  the  tail  surfaces  with  a  characteristic  per¬ 
pendicular  scale  length  of  20  cm.  On  Spacelab  1 
with  a  better  viewing  geometry,  Mande  and  co¬ 
workers6  arrived  at  the  same  characteristic  dis¬ 
tance.  Mende  and  Swanson6  have  also  reported  on 
their  measurements  of  glow  above  different  mate¬ 
rials  mounted  on  the  Remote  Manipulator  System 
(RMS).  Although  the  total  intensities  observed 
varied  with  material  (see  below) ,  the  spatial 
extent  of  the  glow  layers  were  the  same  for  the 
materials  observed.  However,  the  data  when  cor¬ 
rected  for  beckground  levels  had  a  half-intensity 
spatial  extent  of  only  6.0  to  6.5  cm.  This  may  be 
a  geometrical  effect  due  to  observing  above  the 
curved  arm,  or  perhaps  may  provide  some  insight 
into  the  physical  mechanism  causing  the  glow.  The 
AE  satellite  observations  can  only  be  Inferred  from 
modeling  but  are  best  explained  by  a  glow  of  about 
1m  extent.  The  variation  of  the  extent  of  that 
data  with  altitude  vould  be  very  useful  in  under¬ 
standing  of  the  glow. 

The  spatial  extent  of  the  glow  can  be  interpre¬ 
ted  in  several  ways.  If  excitation  of  the  emitting 
species  occurs  et  the  surfaces  then  the  extent  is 
proportional  to  the  distance  the  excited  molecule 
travels  before  it  emits  (distance  -  velocity  x 
excited  state  lifetime).  The  extent  could  also  be 
representative  of  the  pressure  gradient  above  sur- 
feces,  representing  the  layer  in  which  collisional 
excitation  of  neutrals22  or  collisional  ionization 
to  create  a  plasma24  can  occur.  Thus  the  three 
different  distances  observed  (6  cm  above  the  RMS 
arm ,  20  can  above  the  Shuttle  tail ,  and  1  m  above 


the  -75  cm  radius  AE  satellite)  seem  to  represent 
different  radiating  species  or  even  different  mech¬ 
anisms  . 

Material  Specificity 

The  Lockheed  group  studied  the  glow  intensities 
over  different  materials  on  two  missions  STS  5 
(Kapton,  Aluminum,  and  Black  Chemglaze  Paint)  and 
STS  410  (nine  samples  including  MgFj .  paints  with 
and  without  overcoats),  polyethylene,  carbon  cloth, 
and  AI2O3).  The  data  indicated  that  there  was  an 
order  of  magnitude  variation  in  intensity  above 
different  surfaces.  All  surfaces  glowed  to  some 
extent.  There  appeared  to  be  no  correlation  with 
material  erosion.  Mg?2  optics  and  black  chemglaze 
paint  glowed  the  brightest,  yet  theee  materials 
suffer  no  detectable  mass  loss  on-orbit.26,26  By 
contrast,  polyethylene  and  aluminum  have  the  weak¬ 
est  glow  intsnsities.  Aluminum  is  very  stable  on- 
orbit,  while  polyethylene  is  one  of  the  most  reac¬ 
tive  speciee  on-orbit.26  Thus,  it  appears  that  the 
glow  is  the  result  of  a  non-reactive  interaction  of 
the  surface  material  with  the  low  earth  orbital 
(LEO)  environment.  The  intensity  is  a  function  of 
the  ability  of  the  surface  to  facilitate  the  emis¬ 
sion  process  —  to  allow  catalytic  recombination, 
or  to  transform  the  kinetic  energy  of  impact  into 
internal  excitation,  or  to  effectively  reflect  the 
incoming  species.  (See  below.) 

Luminosity  from  Thruster  Firings 

The  luminosity  associated  with  thruster  firings 
has  two  distinct  components.  An  extremely  bright 
gas  phase  extended  component  has  been  observed  only 
whan  the  rear  downward  thrusters  fire.6  Their 
exhaust  strikes  the  wing,  is  thermalized  into  a 
cloud  which  has  a  low  velocity  relative  to  the 
Shuttle.  These  exhaust  species  can  then  undergo 
chemiluminescent  reactions  with  atmospheric  species 
to  produce  the  glow.  Unbumed  fuel  or  even  normal 
exhaust  constituents  (H2O,  n2 )  are  capable  of  giv¬ 
ing  rise  to  line  of  sight  column  intensities  of 
1012  photons/cm2s.27  After  the  extended  gas  phase 
luminosity  associated  with  thruster  firings  dis¬ 
sipates,  a  residual  enhanced  luminescence  persists 
on  Shuttle  engine  pod  surfacee.  This  decays  with  a 
time  constant  of  a  few  seconds,6  which  is  compar¬ 
able  to  the  time  required  for  an  0-atom  in  the 
orbital  flux  (-1016  0/cm2s]  to  strike  each  surface 
site,22  suggesting  thruster  effluents  adsorbed  on 
Shuttle  surfaces'  after  being  backscattered ,  are 
removed  in  a  chemiluminescent  process  by  O-atom 
scouring  of  tne  Shuttle  tile  surfaces. 

Spectral  Distribution 

Perhaps  the  most  important  observable  foi  glow 
mechanism  identification  is  spectral  distribution. 
Swenson,  Mende  and  Clifton,7  Torr  and  Torr , ®  and 
Witteborn,  et  al.,2®  have  all  published  spectral 
observations  of  the  glow  surrounding  Shuttle.  In  a 
beautiful  set  of  experiments,  a  handheld  camera/ 
spectrometer  system,  looking  through  the  rear  cabin 
window ,  was  used  to  monitor  the  spectral  distribu¬ 
tion  of  the  glow  above  the  rear  engine  pods.  Film 
response  and  window  transmission  limit  the  observa¬ 
tions  to  the  400  to  800  nm  region.  The  published 
spectrum7  acquired  on  STS  41 D  is  uncorrected  for 
the  structured  window  transmission,  but  shows  emis¬ 
sion  having  e  broad  spectral  distribution  peaking 
in  the  red  at  630  nm.  This  data  was  acquired  at  an 
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altitude  of  300  km,  higher  than  the  240  km  origin¬ 
ally  planned  so  that  the  signal  levels  were  lower 
than  expected.  Consequently  the  signal-to-noise 
ratio  of  the  spectrum  is  only  about  four  so  that 
although  it  is  clearly  a  broad  spectral  feature , 
feature,  any  structure  present  is  obscured  in  the 
noise.  Swenson,  et  al.,7  have  faired  a  smooth 
curve  through  the  data  as  their  best  estimate  of 
the  glow  spectrum  above  Shuttle  tile  surfaces. 

By  contrast  the  ISO  instrument,  which  was  part 
of  the  Spacelab  !  mission,  did  not  observe  Shuttle 
surfaces  directly  but  nevertheless  observed  emis¬ 
sion  not  attributable  to  the  far  field  earth  limb. 
The  Imaging  Spectrometric  Observatory9  is  comprised 
of  a  bank  of  five  spectrometers  with  charge-coupled 
array  detectors  which  permit  rapid  acquisition  of 
emissions  between  the  vacuum  ultraviolet  and  the 
near  infrared  (30  to  1270  nm)  with  good  (0.3  to 
0.6  nm)  spectral  resolution.  This  mission  was 
somewhat  compromised  by  a  delayed  launch  so  that  it 
operated  in  daylight  for  much  of  its  duration.  The 
ISO  instrument  observed  contamination  levels  decay¬ 
ing  with  mission  elapsed  time.  The  enhanced  near 
field  emissions  were  brighter  on  the  first  day  of 
the  mission  observing  the  wake  than  they  were  on 
the  tenth  day  of  the  mission  looking  into  the  ram. 
Significant  latitudinal  variations  in  both  the 
emission  intensity  and  distributions  were  observed. 
Peak  intensities  of  100  R/A  were  observed  even  late 
in  the  mission.  The  near-field  spectral  distribu¬ 
tion  in  the  red  was  highly  structured  and  has  not 
been  completely  assigned.  The  analysis  is  compli¬ 
cated  because  the  surface  giving  rise  to  the  glow 
is  uncertain  -  it  may  be  the  telescope  baffles  or 
an  external  Shuttle  surface.  Marsha  Torr  will  pre¬ 
sent  her  latest  conclusions  in  Session  14  of  this 
meeting  tomorrow. 

Not  just  the  visible  may  be  affected  by  glow. 
Witteborn  has  observed  the  Shuttle  in  the  near 
infrared  from  the  ground  using  the  1.6  m  telescope 
at  the  Maui  Optical  Observatory.  The  entire 
Shuttle  was  observed  to  have  an  intensity  enhanced 
above  reflected  and  thermal  emissions  in  two  rela¬ 
tively  vide  bandpasses  at  1.6  and  2.2  um.2®  These 
infrared  intensities  are  even  a  factor  of  two  or 
three  brighter  than  the  observed  visible  levels. 

The  AE  satellite  data  Intensities  in  six  band- 
passes  between  280  and  732  nm  provides  spectral 
coverage  of  only  2.5  percent  of  that  region. 
Nevertheless,  the  enhanced  emission  rises  to  the 
red  having  a  value  of  3  R/A  in  the  732  nm  bandpass 
at  an  altitude  of  220  km. 

A  Fabry-Perot  Interferometer  on-board  the  DE-2 
satellite  also  observed  a  contaminating  glow.1* 

This  high  resolution  instrument  (0.0018  nm/channel) 
filtered  at  732  nm  indicated  that  the  near  field 
satellite  glow  was  attributable  to  one  or  more 
species.  [They  propose  0H(v)  as  a  possibility.] 

Chakrabarti  has  reported19  an  enhanced  intensity 
of  Hydrogen  Lyman  a  (121.6  nm)  on  an  Air  Force 
Satellite  STP  78-1.  He  will  present  his  most 
recent  findings  later  in  this  session.  This 
observation  represents  the  sola  observation  of  a  UV 
enhancement  above  spacecraft  surfaces.  Huffman^9 
has  previously  reported  observing  no  enhancements 
due  to  Shuttle  operations  or  due  to  glow  luminosity 
in  his  UV  spectrometer  on  STS  4.  This  instrument 
covered  the  wavelength  region  110  to  180  nm. 


Thus  at  present  the  observations  do  not  support 
each  other.  This  may  be  attributable  to  the 
extremely  variable  environment  on-orbit  -  both  the 
atmosphere  and  the  near  field  environment  may  vary 
between  missions.  Additionally,  the  observation 
geometries  also  complicate  intercomparisons.  In 
order  to  test  our  understanding  of  the  mechanisms 
responsible  for  the  glow  (as  discussed  in  the  next 
section) ,  an  extended  data  base  is  required.  Ex¬ 
tended  spectral  coverage  and  the  spatial  dependence 
of  this  spectrum  are  necessary.  Because  different 
spatial  extents  have  been  observed,  different  mech¬ 
anisms  (with  different  spectral  distributions)  may 
be  occurring.  Thus  the  glow  over  a  variety  of  sur¬ 
faces  and  geometries  should  also  be  obtained. 

S""«*ry  of  Proposed  Mechanisms 

The  sparcity  of  glow  observations  is  more  than 
compensated  for  by  the  wealth  of  proposed  mechan¬ 
isms  which  could  give  rise  to  the  glow.  This 
review  will  treat  them  in  the  order  an  incoming 
ambient  molecule  would  encounter  them:  1)  gas 
phase  collisions  (both  during  quiescent  and  thrus¬ 
ter  firings  or  water  dumps)  giving  rise  to  kinetic 
energy  transfer,  chemical,  and  plasma  excitation 
processes;  2)  surface  aided  chemiluminescence  reac¬ 
tions  with  adsorbates;  and  3)  surface  bulk  reac¬ 
tions  leading  to  material  loss  or  composition 
changas. 

In  LEO  the  Shuttle  is  surrounded  by  a  radially 
decreasing  cloud  of  its  awn  effluents,  pressures  in 
the  Shuttle  bay  are  between  1 O'7  and  10~4  Torr 
during  various  Shuttle  activities  with  the  higher 
pressures  correlating  with  ram  observations  and 
thruster  firings.30  At  the  highest  pressures  the 
mean  free  path  between  collisions  is  much  less  than 
the  Shuttle  bay  dimensions,  and  contamination  from 
other  parts  of  the  vehicle  can  be  scattered  and 
detected  by  point  sampling  mass  spectrometers. 
During  periods  of  little  Shuttle  activity,  and  late 
in  the  mission,  the  concentre tion  of  species  will 
be  very  spatially  non-homogeneous  being  dominated 
by  local  sources.  Thus,  general  statements  of  the 
Shuttle  environment  are  dangerous.  Nevertheless, 
the  most  prevalent  species  have  been  measured 
to  be  H?0  and  C»2  (Miller,  et  al.;31'32  Narclsi, 
et  al.33),  although  He,  O2 ,  Ar,  freons,  cleaning 
agents  and  other  species  have  also  been  detected  in 
trace  amounts.  The  gaseous  environment  surrounding 
the  Shuttle  has  been  recently  reviewed.34 

The  natural  atmosphere  at  Shuttle  altitudes  is 
composed  dominantly  of  atomic  oxygen,  with  some  N2. 
Molecular  oxygen,  helivji,  nitric  oxide,  atomic 
nitrogen,  argon,  and  atomic  hydrogen  are  all  pres¬ 
ent  in  trace  amounts  below  the  one  percent  level. 
This  atmosphere  is  not  constant,  but  undergoes 
diurnal,  seasonal  and  latitudinal  variations. 

As  the  Shuttle  and  its  cloud  of  contaminants 
approaches  atmospheric  species  at  8  km/s,  the  cloud 
and  ambient  constituents  can  interact  at  molecular 
velocities  much  in  excess  of  thermal.  This  kinetic 
energy  of  the  reactants  can  overcome  barriers  to 
reaction  that  exist  at  room  temperature  and  can 
allov  processes  which  are  endothermic  at  room  tem¬ 
perature  to  proceed  on-orbit.23'27  As  a  result 
reactions  producing  chemiluminescence  and  colli¬ 
sions  producing  excitation  of  internal  molecular 
(vibrational,  rotational)  modes  are  possible. 

Based  on  measured  contaminant  column  densities  and 
estimated  rate  constants,  these  processes  should  be 


efficient  at  creating  infrared  fluorescence  at  the 
levels27  of  10n  photons/ cm^s.  However,  they  do 
not  occur  at  a  sufficient  rate  to  generate  signifi¬ 
cant  visible  glow  intensities  for  measured  contam¬ 
ination  levels.  However,  if  Che  column  densities 
were  considerably  higher  due  to  ram  pressure  build¬ 
up,  then  these  gae  phase  reactions  would  generate  a 
glow  layer,  the  extent  of  which  would  reflect  the 
concentration  and  density  gradients  above  the  sur¬ 
faces. 

If  the  incoming  ambient  species  are  nearly  elas¬ 
tically  reflected  by  Shuttle  surfaces  then  the 
interaction  between  incoming  and  reflected  ambient 
species  may  be  energetic  enough  to  cause  ionization 
as  suggested  by  Papadopoulos.33  The  gyroradii  of 
these  electrons  are  such  that  they  remain  in  the 
vicinity  of  the  Shuttle,  suffer  additional  colli¬ 
sions  with  energetic  neutrals  until  they  are  ener¬ 
getic  enough  to  ionize  the  ambient  N2  causing  an 
avalanche  breakdown.  This  mechanism  effectively 
transforms  orbital  kinetic  energy  into  a  discharge 
which  can  release  a  great  deal  of  energy ,  some  of 
which  goes  into  molecular  excitation  and  fluor¬ 
escence.  This  mechanism  would  also  depend  on  the 
gas  composition  above  surfaces  as  they  affect  ioni¬ 
zation  levels.  The  resulting  fluorescence  would 
contain  both  ambient  and  contaminant  molecular 
emissions.3*  For  this  process  the  spatial  extent 
of  this  glow  layer  is  the  region  capable  of  sus¬ 
taining  a  discharge.  However,  an  exponential 
decrease  with  distance  above  the  surface  is  not 
necessarily  expected.  A  variation  with  surface 
material  could  result  from  reflection  efficiencies. 
Ion  enhancements  and  energetic  electrons  have  been 
observed  in  ram , 3 1 ■ 36  but  these  enhancements  are 
probably  not  sufficient  to  explain  the  observed 
radiance  levels  during  passive  Shuttle  operational 
pariods. 

During  a  typical  RCS  thruster  firing,  1025  mole¬ 
cules  (dominantly  h2o,  n2  and  H2)  are  released  in 
80  ms.  The  plume  molecules  traveling  at  ~3.5  km/ a 
expand  out  and  displace  the  ambient  atmosphere. 
Collisions  within  the  thruster  plume  and  with  the 
atmospheric  flux  will  result  in  reactions,  colli- 
sional  excitation  or  backscatter.  Radiances  in  the 
megarayleigh  range  ( 1  o' 2  photons/cm2s)  can  easily 
result  from  these  interactions.  Similarly  colli¬ 
sion  induced  plaama  processes  could  be  significant 
in  the  interaction  of  the  energetic  plume  effluent 
and  ambient  atmosphere. 

Self-contamination  of  payloads  while  on-orbit 
has  been  of  concern  for  years.37  The  mean  free 
paths  between  collisions  are  sufficient  to  result 
in  backscatter ing  of  contamination  to  Shuttle  sur¬ 
faces.  In  fact  the  IECM/mass  spectrometer  could 
only  detect  contaminant  species  which  had  been 
backscattered  into  its  aperture .  Its  f leld-of-view 
is  0.1  sr  looking  directly  out  of  the  payload 
bay.3'»32  In  addition,  thruster  events  will  result 
in  backscattered  effluents  reaching  Shuttle  sur¬ 
faces.  Narcisl,  et  al.33  with  good  temporal  reso¬ 
lution  observed  H20 ,  N2  and  H2  enhancements  during 
thruster  events.  During  periods  when  the  Shuttle 
is  being  actively  stabilized,  the  flux  of  back- 
scattered  thruster  effluents  to  Shuttle  surfaces 
could  equal  the  ambient  flux.22  The  backscattered 
outgassing  flux  should  be  at  least  an  order  of  mag¬ 
nitude  smaller.  Consequently,  the  Shuttle  surfaces 
(instruments,  and  test  materials)  are  being  con¬ 
stantly  coated  with  a  stream  of  molecular  contami¬ 
nants,  some  fraction  of  which  are  adsorbed  onto  the 


porous  surfaces.  Simultaneously,  the  reactive 
0-atom  atmospheric  flux  is  scouring  the  surfaces 
potentially  resulting  in  chemiluminescent  product 
formation  or  collisional  desorption  and  excitation 
by  either  atmospheric  0  or  N2.  The  temporal 
behavior  of  the  enhanced  glow  above  surfaces  after 
thruster  events*  described  above  may  reflect  the 
time  required  for  removal  of  the  adsorbate  layer  by 
the  ambient  flux.  The  interaction  of  the  ambient 
atmosphere  with  the  common  adsorbates  likely  to  be 
present  on  Shuttle  tile  surfaces,  should  result  in 
NO,  CO  and  OH  formation.23  Moreover,  it  appeared, 
based  on  reasonable  reaction  efficiencies,  that 
thasa  species  could  easily  generate  the  mega¬ 
rayleigh  glow  radiance  levels  observed. 

A  surface  glow  emission  has  been  suggested  by 
Prince.3*  In  this  mechanism  the  energetic  ambient 
oxygen  atom  chemisorbs  onto  the  Shuttle  surface 
emitting  a  photon  (or  electron)  in  the  process. 

This  emission  would  occur  at  the  surface.  Because 
of  the  density  of  states  below  the  Fermi-level  of 
the  surface,  a  near  continuous  emission  could 
result.  These  Interactions  are  extremely  short 
ranged  (2A).  Consequently,  the  nature  of  the 
interaction  is  dominated  by  the  outermost  layer 
"seen'1  by  the  incoming  species.  Even  a  fraction  of 
a  monolayer  of  absorbate  on  the  surface  will  change 
the  nature  of  the  interaction;3*  i.e.,  the 
adsorbate  very  effectively  shields  the  substrate. 
Atomic  O-adsorbate  reactions  may  then  occur  rather 
than  chemisorption.  Additionally,  emission  from 
this  process  has  been  observed  only  above  metals. 
There  is  no  experimental  evidence  to  suggest  that 
the  process  would  occur  on  insulator  materials  such 
as  the  tile  boroailicate  glasses,  Kapton,  or  MgF2. 
Future  experiments  with  spatial  resolution  of  the 
glow  will  define  the  orbital  conditions  under  which 
this  chemiaorptive  surface  emission  occurs. 

Green  first  suggested  the  possibility  that 
atmospheric  N2  could  dissociate  upon  Impact  with 
spacecraft  surfaces  based  on  purely  energetic 
grounds.40  There  is  at  present  no  experimental 
evidence  to  support  this  hypothesis.  It  was  put 
forward  as  a  means  of  providing  N-atoms  adsorbed  on 
surfaces.  Ambient  N  and  NO  (which  should  disso¬ 
ciate  on  Impact)  will  also  provide  N  on  the  sur¬ 
face.  The  0  and  N  atoms  in  the  ambient  flux  may 
not  be  readily  adsorbed  since  the  collisional 
energy  cannot  be  as  easily  transformed  into 
internal  potential  energy.  If  reflected  atoms 
undergo  collisions  in  the  gas  layer  above  the  sur¬ 
face,  they  may  remain  in  the  vicinity  of  the  sur¬ 
face  and  be  adsorbed.  Thus,  the  relative  concen¬ 
tration  of  0  and  N  on  the  surfaces  (may  be  surface 
specific)  is  unknown. 

A  key  point  is  that  the  surface  can  then  act  as 
a  catalytic  substrate  which  allovs  these  atoms  to 
recombine  into  ground  and  excited  molecular  states 
of  N2,  NO,  0234-40  and  N027  as  they  leave  the  sur¬ 
face.  These  species  have  been  observed  in  hetero¬ 
geneous  recombination  on  metal  surfaces  in  the  lab¬ 
oratory  by  varying  mole  fractions  of  N  and  o.40'41 
There  appears  to  be  no  strong  preference  for  recom¬ 
bination  partner.  The  molecular  states  populated 
will  depend  on  the  nature  of  the  interaction 
between  excited  specieB  and  the  particular  surface 
material.  The  same  molecular  species  could  give 
rise  to  different  glow  intensities  and  even  dif¬ 
ferent  spectral  distributions  over  various  sur¬ 
faces.  Spectrally  resolved  emissions  can  thus 
provide  insight  into  the  dynamics  of  the  creation 
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process.  For  these  surface-catalyzed  recombina¬ 
tions  (and  for  the  surface  reactions  considered 
next)  the  extent  of  the  glow  has  been  interpreted 
to  represent  the  region  over  which  excited  species 
are  emitting  —  the  product  of  the  emitter  velo¬ 
city  and  radiative  lifetime  of  the  excited  state. 

There  is  no  reason  to  expect  the  desorbed  mole¬ 
cule  to  be  in  thermal  equilibrium  with  the  surface 
either  translationally ,  vibrationally ,  rotation- 
ally,  or  electronically.  Such  an  equilibrium  is 
the  exception  rather  than  the  rule.  2  Swenson, 
et  al .  , 7  have  invoked  a  translationally  hot  NOj* 
desorbed  from  the  surface  to  reconcile  the  known 
NO2*  lifetime  with  the  observed  glow  layer  thick¬ 
ness.  In  fact  those  authors  strongly  believe  N02 
is  the  sole  source  of  the  glow  above  tile 
surfaces. 

Extremely  vibrationally  excited  diatomics  can 
also  be  created  in  recombination  (see  references  in 
Refs.  34,  40,  41).  In  fact  within  the  uncertain¬ 
ties  of  the  synthetic  spectral  model  and  the  noise 
in  the  orbital  data,  emission  from  highly  vibra¬ 
tionally  excited  NO  matches  the  observed  glow  spec¬ 
tral  distribution  at  least  as  well  as  NO 2  elec¬ 
tronic  chemiluminescence.  Only  one  incoming 
ambient  species  in  106  must  participate  in  the  gen¬ 
eration  of  a  visible  photon  to  match  the  observed 
glow  intensities.  There  is  still  sufficient  resid¬ 
ual  atmosphere  present  in  LEO  to  give  rise  to 
observable  fluorescence  from  this  transformation  of 
kinetic  energy  into  electronic  excitation.  Future 
measurements  must  provide  extended  spatial  and  tem¬ 
poral  observations  to  discriminate  the  magnitudes 
of  these  various  processes,  i.e.,  the  spectral  dis¬ 
tribution  as  a  function  of  time  after  a  thruster 
firing  or  the  distribution  as  a  function  of  time 
immediately  after  surface  exposure  to  ram.  The 
impact  in  other  spectral  regions  (such  as  the 
infrared)  will  depend  greatly  on  the  emitting  spe¬ 
cies.  Kofsky  and  Barrett43  have  concluded  that  the 
Infrared  fluorescence  intensities  will  be  compar¬ 
able  to  the  visible  for  NO2  glow  constituents.  By 
contrast,  Green,  et  al.,27  have  shown  that  if 
highly  vibrationally  excited  NO  is  the  dominant 
glow  species,  the  resulting  Infrared  fluorescence 
will  be  four  orders  of  magnitude  more  intense  and 
more  spatially  extended. 

Again  it  is  our  belief  that  several  of  these 
processes  occur  over  the  range  of  conditions 
encountered  on-orbit.  Only  future  measurements  can 
define  the  domain  of  dominance  for  each. 

The  last  set  of  mechanisms  considered  is  the 
reaction  of  the  atmospheric  species  with  the  bulk 
spacecraft  material.  This  class  of  mechanisms  was 
first  suggested  by  Slanger44  who  proposed  OH  as  the 
source  of  the  glow.  Subsequent  spectral  modeling 
of  OH  vibrational  overtone  emission14  did  not  match 
the  Shuttle  observations  of  the  Lockheed  group7  or 
the  ISO  data3  but  was  in  rough  accord  with  the  AE 


and  DE  observations.1 


As  for  CO  and  NO ,  our  lack 


of  knowledge  about  the  molecular  dipole  moment 
function  and  rotational  dependence  of  the  Einstein 
coefficients  at  these  high  vibrational  levels  ser¬ 
iously  affect  the  accuracy  of  the  spectral  model¬ 
ing.  Recent  work  on  CO  has  improved  our  under¬ 
standing  of  its  dipole  moment  function.43  However, 
because  glow  is  clearly  observed  above  materials 
which  do  not  undergo  orbital  degradation,  chemi¬ 
luminescent  reactions  involving  the  surface  mater¬ 
ials  cannot  be  the  only  glow  mechanism. 


Some  Future  Measurements  Programs 


Following  are  brief  descriptions  of  just  a  few  of 
the  programs  directed  toward  the  measurement  of  var¬ 
ious  aspects  of  the  glow.  It  is  certainly  incom¬ 
plete.  G.  Fazio  of  Harvard  had  a  gim balled  infrared 
astronomical  payload  on  the  Spacelab  mission  this 
past  summer.  His  liquid  He  cooled  system  was  cap¬ 
able  of  observing  infrared  emission  between  2  and 
120  um  in  a  series  of  bandpasses.  He  observed  no 
additional  radiance  at  any  wavelength  above  the  sur¬ 
face  of  the  PD P  package  whan  it  was  suspended  near 
his  field-of-view.  Unfortunately  his  background 
levels  were  higher  than  expected  and  this  data  only 
bounds  the  IR  (2  to  3  um)  photon  flux  as  being  less 
than  10  times  the  observed  visible  levels. 

N.  Torr  at  NASA  Marshall  Space  Flight  Center  is 
hoping  to  coordinate  a  series  of  experiments  to 
monitor  the  glow  above  several  surfaces  using 
existing  hardware.  These  measurements  would  occur 
in  calendar  1986  or  1987.  This  program  was  planned 
to  grow  out  of  the  workshop  held*  there  last  May. 

At  that  workshop,  M.  Mumma,  of  NASA  Goddard, 
described  his  planned  glow  package.  He  hopes  to 
measure  the  glow  in  the  infrared  using  a  circular 
variable  filter  radiometer  to  provide  spectral 
resolution  (6X/X~0.04).  This  CVF  would  be  flown  as 
a  hitchhiker  payload  and  would  be  configured  to 
look  out  of  the  bay.  It  is  planned  to  observe 
emissions  between  0.9  and  5.5  um  using  six  bandpass 
limited  detectors.  This  instrument  could  be  on  a 
mission  in  calendar  1986. 

Ball  Aerospace  has  provided  a  getaway  special 
cannister  to  the  students  at  the  University  of 
Colorado  (Boulder).  They  are  assembling  an  1/8  m 
Ebert-Fastie  configuration  UV  spectrometer  which 
will  look  over  the  Shuttle  rear  stabilizer  surfaces 
using  a  scanning  mirror.  The  spectral  region 
covered  is  190  to  300  nm. 

Mende  has  proposed  an  infrared  CVF  system  which 
would  allow  the  glow  to  be  observed  over  a  number 
of  surfaces.  There  are  several  other  observational 
missions  planned. 

In  addition  to  on-orbit  observations,  there  are 
several  groups  planning  to  look  at  glow  above  sur¬ 
faces  in  the  laboratory  using  translationally  ener¬ 
getic  species  impinging  on  targets.  Physical 
Sciences  Inc.  as  part  of  a  program  for  NASA  has 
developed  a  source  for  generating  high  fluxes  (in 
excess  of  orbital)  of  5  eV  oxygen  atoms.  We  have 
also  observed  emission  above  target  surfaces. 

G.  Caledonia  will  present  these  results  in  Ses¬ 
sion  13  tomorrow.43  Groups  at  the  Aerospace  Corp¬ 
oration  and  Martin  Marietta  are  also  planning  to 
look  for  glows  in  the  laboratory. 


Since  its  discovery  the  diffuse  glov  above 
spacecraft  surfaces  has  been  the  object  of  great 
interest  and  concern.  The  observational  data  base 
is  still  sparce  and  often  contradictory.  The  Lock¬ 
heed  data  presented  in  the  next  paper  forms  the 
most  extensive  set  of  observations.  It  appears 
that  no  single  mechanism  can  explain  all  of  the 
glow  observations  and  indeed  it  would  be  unreason¬ 
able  that  a  single  mechanism  could  dominate  over 
the  extremely  variable  conditions  encountered  in 
low  earth  orbit.  Certainly  the  extended  gas  phase 
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luminescence  during  thruster  firings  and  the  longer 
lived  component  just  above  surfaces  after  these 
firings  are  different  in  character  than  the  glow 
during  passive  observational  periods.  Satellites 
which  have  such  smaller  thruster  and  outgassing 
contamination  levels  still  observe  glow  luminosi¬ 
ties  which  are  constant  if  not  increasing  after 
years. '9  Consequently  chemiluminescent  recombina¬ 
tion  processes  where  the  surface  provides  the  inert 
(catalytic)  substrate  are  likely  to  be  a  source  of 
glow  above  spacecraft  surfaces.  Kinetic  analyses 
and  spectral  modeling  support  this  conclusion.  The 
key  to  our  understanding  of  the  glow  is  an  extended 
data  base  to  provide  spectral  (ultraviolet  through 
infrared);  temporal  (to  determine  the  interplay  of 
processes  after  events  such  as  thruster  firings  or 
exposure  to  ram) ,  spatial  (to  discriminate  the  role 
of  emission  at  the  surface  and  different  regimes 
above  the  surface  where  plasmas  or  species  with 
different  radiative  lifetimes  may  dominate)  and 
surface  specific  information  (to  isolate  reactive 
from  catalytic  process).  The  glow  may  have  a 
tremendous  impact  on  our  ability  to  use  low  earth 
platforms  for  observing  our  atmosphere  or  deep 
space.  Certainly  space  telescope  systems  may  be 
compromised.  Hopefully  in  the  next  few  years  our 
understanding  of  the  glow  above  surfaces  exposed  to 
the  energetically  impacting  ambient  flux  will 
improve  so  that  preventative  or  remedial  actions 
can  be  undertaken. 
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SPECTRAL  SIGNATURES  OF  MICRON-SIZED  PARTICLES 
IN  THE  SHUTTLE  OPTICAL  ENVIRONMENT 

W.T.  Rawlins  and  B.D.  Green 
Physical  Sciences  Inc. 

P.O.  Box  3100,  Research  Park 
Andover,  MA  01810 

Abstract 

Solar- illuminated  particulates  surrounding  the  space  Shuttle  have  been 
observed  repeatedly  in  Shuttle  missions.  Particulate  loadings  are  especially 
severe  after  ventings,  temporarily  obscuring  stellar  radiances  and  precluding 
remote  observations.  However,  even  very  low  particulate  loadings  can 
interfere  optically  with  measurements  of  earth  limb  emissions.  Depending  on 
wavelength  and  particle  size,  the  important  optical  contributions  can  be  scat¬ 
tering  of  solar  radiation,  scattering  of  earth  radiation,  and  particle  self¬ 
emission.  In  the  latter  case,  the  particles  radiate  at  a  temperature  which  is 
achieved  through  radiative  equilibrium  with  the  earth  and  the  sun.  In  gener¬ 
al,  for  grey  or  black  particles,  solar  scattering  will  dominate  in  the  visible 
and  self-emission  will  dominate  in  the  infrared  beyond  4  ym,  and  the  effects 
can  be  predicted  in  a  straightforward  manner.  However,  for  likely  contaminant 
particles  such  as  ice,  the  real  and  imaginary  components  of  the  complex  index 
of  refraction  follow  complex  and  highly  structured  behavior  with  wavelength. 

As  a  result,  the  spectral  behavior  of  the  scattering  and  emission  contribu¬ 
tions  will  exhibit  pronounced  wavelength  dependencies,  e.g. ,  strong  emission/ 
absorption  bands  near  3  and  12  ym,  which  will  in  turn  be  sensitive  to  particle 
size  in  the  micron  range.  We  compare  predicted  particle  brightnesses  for  ice 
as  functions  of  wavelength  through  the  visible  and  infrared,  and  as  functions 
of  particle  size  between  the  volume  absorption  and  geometric  scattering 


regimes.  Predicted  brightnesses  are  compared  to  expected  atmospheric  limb 


radiances  in  various  spectral  bandpasses  to  illustrate  conditions  under  which 
earth  limb  sensors  would  be  affected  and  the  means  for  identifying  particulate 
contributions. 

I.  Introduction 

Dispersed  particulates  in  *se  vicinity  of  Shuttle  have  long  been  of  con¬ 
cern  due  to  their  potential  to  interfere  with  Shuttle-borne  optical  measure¬ 
ments.  The  scattering/emission  signatures  of  particulate  clouds  or  even 
individual  particles  can  impact  passive  and  active  optical  probes  (e.g.,  of 
earth  limb  airglow  emission)  in  the  ultraviolet,  visible,  and  infrared  regions 
of  the  optical  spectrum.  Thus,  it  is  important  to  assess  not  only  the  degree 
and  characteristics  of  particulate  loadings  at  various  points  throughout  the 
Shuttle  flights,  but  also  the  resulting  spectral  signatures  for  a  variety  of 
illumination  conditions  and  detection  geometries.  We  describe  here  the  use  of 
Hie  scattering  theory  to  predict  particulate  spectral  signatures  for  a  variety 
of  observation  conditions. 

The  primary  factors  which  influence  particulate  optical  effects  are: 

1)  the  wavelength-dependent  complex  refractive  index  of  the  particles,  which 
is  of  course  strongly  dependent  upon  particle  composition  and  perhaps  also 
somewhat  dependent  upon  particle  temperature;  2)  the  wavelength  range  of  the 
measurements,  since  the  radiation  from  particles  of  a  given  size  depends 
markedly  on  the  spectral  behavior  of  not  only  the  Mie  cross  sections  for 
scattering  and  extinction  but  also  the  light  sources  with  which  the  particles 
are  illuminated;  3)  sensor  configuration,  i.e.,  field  of  view  of  the  near 
field,  fixed  wavelength  or  spectrally  scanning,  scan  rate,  monochromatic  or 
interferometric  scanning,  etc.;  and  4}  the  time-dependent  charactez as  exes  of 
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the  particle  field,  i.e.,  number  of  particles  in  a  given  field  of  view  at  a 
given  time,  their  sizes,  shapes,  spatial  distribution,  and  velocity  vectors, 
and  the  correlation  of  these  with  source  activities  aboard  the  Shuttle.  The 
first  three  factors  can  be  addressed  theoretically  and  are  the  subject  of  this 
paper.  The  results  of  this  treatment  may  then  be  coupled  with  the  Shuttle- 
borne  observations  of  particle  fields  to  predict  optical  effects  for  specific 
sensors.  Initial  observations  of  the  particle  fields  for  early  Shuttle  mis¬ 
sions  were  carried  out  by  Miller  and  co-workers1  using  photographic  stereo¬ 
imaging  of  solar-illuminated  particles.  A  similar  experiment,  ^designated  Par¬ 
ticle  Analysis  Camera  for  Shuttle  (PACS)^  and  employing  additional  illumina- 
•.  von  of  the  near  field  by  an  ultraviolet  strobe,  was  successfully  flown  in 
early  1986  on  Space  Transportation  System  Mission  STS  61-C  by  M.  Ahmad jian  and 
R.  Murphy  of  the  Air  Force  Geophysics  Laboratory;  the  results  of  these  obser¬ 
vations  will  be  analyzed  using  these  calculational  methods  and  will  be 
reported  elsewhere. 

Observations  and  characterizations  of  the  particulate  environment  of 
Shuttle  are  reviewed  by  Green,  et  al.3  in  general,  particulate  loadings  are 
found  to  be  small,  except  during  brief  periods  following  venting  episodes. 
Since  spacecraft  water  dumps  are  prolific  sources  of  particulates,  it  is 
likely  that  ice  is  the  principal  particulate  species  observed  near  Shuttle. 
However,  thruster  firings  also  appear  to  eject  particles;  these  may  be  metal¬ 
lic  or  carbonaceous  materials  having  significantly  different  optical  proper¬ 
ties.  In  addition,  activities  around  Shuttle,  e.g.,  a  satellite  launch,  other 
activity  in  the  bay,  thermal  stresses,  or  astronaut  extravehicular  activity 


(EVA),  could  cause  particles  to  be  dislodged  from  surrounding  surfaces;  these 


IB 

HI 


particles  may  well  be  large,  irregularly  shaped,  and  of  unknown  composition. 
Since  it  is  likely  that  sensitive  optical  measurements  will  be  conducted  dur¬ 
ing  periods  of  minimal  activity,  the  principal  contamination  as  indicated  by 
the  data  base  will  arise  from  sparse  (1  to  10  particles  in  the  field  of  view) 
fields  of  small  (<<  1  mm  diameter)  ice  particles  formed  either  directly  from 
earlier  liquid  vents  or  by  flaking  from  accumulated  frost  deposits  on  the  vent 
nozzles.  The  particle  shapes  and  relative  size  distributions  formed  by  these 
two  mechanisms  are  difficult  to  anticipate  without  a  detailed  treatment  of  the 
fluid  dynamics  of  the  phenomena  occurring  in  the  liquid  vent.  As  discussed 
further  below,  we  have  assumed  spherical  shapes  to  simplify  the  present  param¬ 
eter  study. 

The  optical  properties  of  ice  vary  dramatically  across  the  optical  spec¬ 
trum.  Ice  particles  are  nearly  perfect  scatterers  in  the  visible,  having 
almost  no  imaginary  component  to  the  complex  index  of  refraction,  but  exhibit 
significant  absorption  in  the  infrared  through  bands  near  3,  12,  and  50  ym. 
Thus,  the  relative  contributions  of  light  scattering  and  s^if-emission  will 
vary  significantly  with  particle  size  and  wavelength  in  the  infrared.  In 
addition,  the  computation  of  scattering  and  absorption  efficiencies  for  these 
particles  in  the  visible  and  infrared  covers  a  large  range  of  particle  size/ 
wavelength  ratio,  from  the  Rayleigh  (small  particle)  limit  to  the  anomalous 
and  ordinary  diffraction  ranges  of  Mie  theory,  resulting  in  scattering  and 
absorption  effects  which  are  difficult  to  anticipate  without  rigorous  computa¬ 
tion  of  the  cross  sections. 

In  this  paper,  we  use  the  Mie  theory  to  compute  absorption  and  scattering 
efficiencies  of  single  spherical  ice  particles  of  radius  0. 1  to  30  ym  for 
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wavelengths  of  0. 1  to  100  um.  We  then  couple  these  values  with  the  spectral 
radiance  of  the  sun  and  earth  in  order  to  determine  the  effective  particle 
brightness  to  an  observer  on-board  Shuttle.  Finally,  we  will  use  the 
predicted  particle  spectra  to  assess  the  potential  for  interference  with 
Shuttle-borne  optical  measurements. 

II.  Absorption  and  Scattering  Efficiencies 
The  expressions  for  Mie  scattering  involve  series  whose  terms  contain 
spherical  Bessel  functions  with  complex  argument  and  first  and  second 
derivatives  of  the  Legendre  polynomials; 5  the  number  of  terms  required  for 
evaluating  the  series  with  reasonable  accuracy  is  of  the  order  of  the  size 
parameter  x  *  2irr/X.  The  operative  equations  are: 


Qe  -  —  l  (2n  +  1)  [Re(an)  +  Re(bn) ] 
x  n«1 


I  (*>♦  ')[I\J2*  !*>/] 

x  n«1 


2a  “  2e  2s 


1(9)  -  i{|s,(8)|2  -  |S2(9)|2) 


where 


S  (e)  »  l  — .  —  —  {a  it  (cos  e)  +  b  T  (cos  e)} 
n(n+1)1  n  n'  '  n 

n-1 


S2^0)  “  I  TTuTTTtVn^06  6)  +  Vn(COS 

n- 1 


L*» 

B 
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The  Mie  coefficients  an  and  bn  and  the  phase  functions  nn  and  tn  are  given  on 
pp.  123  ff.  of  Ref.  4.  We  have  computed  values  of  the  absorption  and  scatter¬ 
ing  efficiencies,  QA  and  Qs,  and  the  angular  differential  scattered  intensi¬ 
ties  i(0),  for  unpolarized  light  and  spherical  particles,  using  the  refractive 
index  data  from  the  compilation  of  Warren6  and  a  downward  recurrence  numerical 
method7  validated  for  size  parameters  up  to  x  «  1500. 

It  should  be  noted  that  the  refractive  index  data  of  Warren6  are  appro¬ 
priate  for  bulk  ice  (Ih)  at  temperatures  of  266  K  and  are  therefore  somewhat 
uncertain  for  small  particles  at  the  lower  temperatures  encountered  here.  In 
addition,  non-spherical  particles  are  likely  to  appear  under  some  (or  perhaps 
all)  conditions,  most  notably  at  the  large  sizes.  Particle  shape  effects  have 
been  treated  theoretically  (see,  for  example.  Refs.  8-9  for  specific  effects 
in  ice  crystals  for  large  size  parameter) ,  and  tend  to  manifest  themselves 
primarily  in  the  degree  of  polarization  of  the  scattered  light.4  Additional 
minor  effects  on  the  scattering  phase  function  may  cause  changes  in  the  fine 
details  of  the  predicted  differential  scattering  patterns.  In  view  of  the 
extreme  difficulty  of  treating  shape  effects  adequately,  we  have  chosen  to 
examine  the  general  scattering  characteristics  for  spherical  particles,  and  to 
defer  more  detailed  treatments  until  they  are  warranted  by  the  in  situ  data 


Computed  values  of  QA  and  Qs  for  three  different  particle  radii  are 
plotted  in  Figures  1  through  3.  As  might  be  anticipated,  the  small  particles 
exhibit  predominantly  scattering  at  visible  wavelengths  (0.3  to  0.8  ym)  and 
absorption  at  long  wavelengths,  with  the  absorption  occurring  in  broad  but 
discrete  bands.  However,  as  the  particle  size  increases,  the  scattering 
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efficiency  extends  well  into  the  infrared,  and  the  infrared  absorption  both 
increases  substantially  and  loses  spectral  structure,  approaching  the  charac¬ 
teristics  of  a  blackbody  at  wavelengths  beyond  3  pm. 

Example  angular  scattering  patterns  for  different  size  parameters  are 
shown  in  Figure  4.  The  complex  behavior  with  increasing  particle  size  is 
readily  apparent  but  difficult  to  generalize.  However,  it  is  clear  that 
forward  scattering  (9  ~  0°)  is  an  extremely  important  effect  for  mid-sized  to 
large  particles,  and  backward  scattering  (9  ~  180°)  also  becomes  important  for 
large  particles.  It  should  be  noted  that  i(9)  and  Qs  are  related  by:4 

x  2  " 

Q  *  (■=*-)  2  /  i(0)  sin  0  d9  (1) 

b  zur  0 

Hence  the  intense  forward  scattering  lobe  makes  little  contribution  to  the 
spatially  integrated  scattered  intensity.  In  practical  terms,  observation 
angles  for  natural  solar  scattering  will  probably  be  restricted  to  30  to 
150  deg  to  avoid  viewing  the  source  directly  or  shadowing  the  particles  with 


the  orbiter.  However,  more  acute  forward  scattering  can  be  an  important  con¬ 
sideration  in  multiple  scattering  conditions  (e.g.,  "whiteout"). 

In  order  to  model  the  sparse  particle  field,  we  must  compute  the 
naturally  occurring  single-particle  radiances.  Thus,  we  must  superimpose  on 
these  cross-sections  the  spectral  radiance  of  the  principal  visible  and  infra¬ 
red  light  sources,  the  sun  and  the  earth.  These  are  displayed  in  Figure  5;  we 
have  taken  the  solar  spectral  radiance  from  Ref.  10  and  the  earth  radiance 
curves  from  Ref.  11.  The  curves  for  earthshine  represent  computations  of 
blackbody  radiation  from  the  earth's  surface  as  propagated  vertically  to 
space,  with  atmospheric  absorption  taken  into  account.  The  magnitude  and 


spectral  distribution  of  the  earth  radiance  depend  upon  the  local  conditions; 


we  have  used  the  extreme  cases  of  tropical  and  subarctic  winter  conditions. 
Note  from  these  curves  that,  in  low  earth  orbit,  the  earth  is  brighter  than 
the  sun  in  the  long-wavelength  infrared  (X  >  5  ym).  Thus,  we  expect  earth- 
shine  to  control  the  particulate  radiation  and  infrared  scattering  signatures 
with  negligible  diurnal  effects,  while  the  sun  contributes  mainly  to  ultra¬ 
violet  and  visible  scattering  on  the  day  side.  For  the  present  study,  we  do 
not  consider  contributions  from  earth-reflected  solar  radiation  on  the  day 
side,  zodiacal  light  and  lunar-ref lec ted  solar  radiation  on  the  night  side,  or 
spacecraft  light  sources. 

Ill .  Particle  Absorption/Emission 

The  power  radiated  at  a  wavelength  X  by  a  single  spherical  particle  of 
radius  r  and  temperature  T  is  given  by: 


I  (X)  -  4( irr )  Q~(X)N(X,T) 
R  A 


where  is  the  absorption  efficiency  (analogous  to  a  single-particle  emis- 
sivity)  computed  from  the  refractive  index  and  N(X,T)  is  the  Planck  blackbody 
function.  To  evaluate  the  particle  temperatures,  we  consider  that,  following 
nucleation,  the  particles  cool  radiatively  to  a  steady  state  temperature  which 
represents  radiative  equilibrium,  i.e.,  the  radiative  output  of  the  particle 
balances  the  power  absorbed  from  the  radiation  field  of  the  earth  and  sun. 

(It  is  straightforward  to  show  that  gas-particle  collisional  effects  are  neg¬ 
ligible  at  orbital  altitudes,  even  for  the  high  collision  energies  encountered 
at  orbital  velocities;  similarly,  intraparticle  heat  transport  is  sufficiently 
rapid  to  ensure  equal  surface  and  bulk  temperatures.)  For  low  earth  orbit 
(altitude  <<  earth  radius),  the  radiative  equilibrium  condition  is  given  by: 


tt  r 2  /  (J,  +  it  I  )  Q^(X)dX  -  f  I_  (X  )dX 

*  A  A  A  J  R 


where  and  irl^  are  the  spectral  irradiances  of  the  sun  and  earth,  respec¬ 

tively.  Equation  (3)  is  transcendental  in  T  and  must  be  solved  iteratively  to 


determine  the  particle  temperatures.  Solutions  for  different  particle  sizes 
and  illumination  conditions  are  shown  in  Figures  6  and  7.  Inspection  of  the 
running  integrals  for  the  left  and  right  hand  sides  of  Eq.  (3)  reveals  that 
most  of  the  absorption  arises  from  earthshine  absorption  in  the  strong  10  to 
12  ym  band,  while  solar  absorption  near  3  ym  makes  an  additional  small  contri¬ 
bution  in  the  daytime;  most  of  the  particle  emission  occurs  at  wavelengths  of 
12  to  50  ym.  It  is  important  to  note  that,  for  the  larger  particle  sizes,  one 
must  carry  the  emission  integral  out  to  a  wavelength  of  100  ym  to  achieve 
adequate  accuracy. 

It  is  interesting  to  consider  Eq.  (3)  in  terms  of  analytical  approxima¬ 
tions.  Let  us  represent  the  integrated  earth  radiance  by  a  blackbody  at 
surface  temperature  T£  with  an  effective  emissivity  e.  Let  us  further  repre¬ 
sent  the  particle  emissivities  as  constant  average  values  QA  and  QA',  where 
Qa  is  the  average  of  QA(X)  over  the  range  of  significant  particle  radiation 
(10  to  100  ym)  and  QA'  is  the  average  value  responsible  for  most  of  the 
absorption  (10  to  15  ym).  Equation  (3)  then  becomes: 


/  Q  '  e  N(X,T  )dX  -  4  J  Q  N(x,T)dX 


We  can  now  evaluate  the  blackbody  integrals  to  obtain: 


(^)  ’/4 
/2  EVqa/ 


The  value  is  near  unity,  so  the  particle  temperature  is  primarily 

governed  by  the  spectral  distribution  of  QA(X)  at  long  wavelengths.  For 
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smaller  particles,  r  <  10  ym,  we  have  QA  >  QA,  so  the  particle  temperatures 
are  somewhat  larger  than  TE/V2.  However,  for  the  large  particles,  r  ~  30  ym 
and  greater,  we  see  that  QA*  •>  QA,  i.e.,  the  particles  are  effectively  "black 
in  the  infrared,  and  thus  the  temperature  will  decrease  with  increasing 
particle  size  to  approach  a  constant  value  at  large  r  of  ~TE//2.  Indeed,  for 
large  particles  the  right-hand  side  of  Eq.  (3)  can  be  cast  into  an 
analytically  soluble  form: 


P  =  /  (J  +  irl  )Q  (A)dA  *  4n  Q  /  N(A,T)dA 

0  A  A  A  A  Q 


This  gives  the  relationship: 


T  =  458 


We  can  evaluate  the  absorption  integral  P  exactly,  and  determine  from  the  Mie 
calculations  for  r  -  30  ym  the  average  value  QA  =  (1.2  ±  0.2)  for 
10  <,  X  <  100  ym,  giving  values  for  T  in  good  agreement  with  those  obtained 
from  numerical  solution  of  Eq.  (3).  Thus  from  the  "black"  approximation  to 
the  particle  radiation  for  large  r,  we  can  obtain  accurate  determinations  of 
the  particle  temperature  in  radiative  steady-state. 

Finally,  we  must  consider  the  time  required  for  the  particles  to  cool  to 
steady-state  conditions  following  condensation.  The  cooling  rate  at  a  temper 
ature  T  is  given  by: 


dT  _  0 
dt 


/  IR(X)dX 


where  p,  V,  and  C  are  the  density,  volume,  and  specific  heat  of  the  particle, 
respectively.  From  the  calculated  radiated  powers,  we  estimate  lower  bound 
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cooling  rates  on  the  order  of  10  K/s  for  small  particles  (r  <  3  ym), 
approaching  ~1  K/s  for  r  »  30  ym.  Thus,  we  expect  the  small  particles  to  cool 
within  tens  of  seconds,  while  the  30  ym  particles  may  require  as  much  as  one 
minute  to  reach  steady-state.  Furthermore,  since  QA  becomes  independent  of  X 
and  r  for  large  particles,  we  have  dT/dt  «  IR/V  «  1/r,  so  very  large  particles 
of  a  few  hundred  ym  radius  would  require  several  minutes  to  reach  steady-state 
conditions.  Thus,  the  steady-state  assumption  is  appropriate  for  particles  in 
the  range  of  a  few  ym  radius  or  smaller,  providing  the  observations  are  not 
made  within  a  few  seconds  of  venting,  but  may  not  be  generally  applicable  to 
very  large  particles  in  the  hundred  ym  size  range. 

It  should  be  noted  that  the  steady-state  ice  particle  temperatures  are  as 
much  as  100  K  below  the  freezing  point,  i.e.,  well  below  the  range  for  which 
the  refractive  index  data  are  valid.  This  constitutes  a  major  uncertainty  in 
these  calculations,  and  points  to  the  need  for  fundamental  refractive  index 
measurements  at  cryogenic  temperatures. 

IV.  Light  Scattering 

The  scattered  light  spectrum  arises  from  two  contributions:  scattering 
of  sunlight,  which  is  strongly  dependent  upon  observation  angle,  and  scatter¬ 
ing  of  infrared  radiation  from  the  earth,  which  acts  as  a  distributed  source 
over  all  angles.  For  the  case  of  solar  scattering,  the  scattered  intensity  in 
W  cm-2  ym-1  at  a  distance  z  from  the  particle  is  Ig/z2,  where  the  normalized 
intensity  is  given  by: 


1(9  ,  X )  -  (“■)  J.i(e.A) 


where  i(9,X)  is  evaluated  in  the  Mie  calculations  as  described  above.  We  have 
evaluated  IS(6,X)  for  nominal  observation  angles  of  90  deg  (sideways),  30  deg 


(forward),  and  150  deg  (backward).  The  30  and  150  deg  scattered  intensities 


generally  exceed  those  for  90  deg  for  the  particle  size  parameters  considered 
here,  with  the  differences  being  as  much  as  two  orders  of  magnitude  for  the 
30  ym  particles.  However,  in  real  scenarios,  it  seems  likely  that  the 
detector  will  be  held  at  approximately  right  angles  to  the  sun  in  most  cases 
where  the  near  field  is  sunlit.  When  the  near  field  is  not  sunlit,  the 
visible  scattered  light  from  the  particles  should  be  near  zero,  the  possible 
residual  contributions  being  from  indirect  solar  reflections  or  Shuttle-borne 
light  sources. 

The  representation  of  earthshine  scattering  must  incorporate  the 
spatially  distributed  nature  of  the  source.  From  simple  geometry,  a  particle 
at  altitude  h  can  "view"  radiation  from  the  earth's  surface  at  a  range  of 
(2REh)1//2  where  RK  is  the  radius  of  the  earth.  For  h  -  200  km,  the  extent  of 
the  source  is  ~1600  km  in  each  direction.  Thus,  for  all  practical  purposes, 
the  earth  can  be  represented  as  a  flat,  infinite  Lambertian  surface  as  shown 
in  Figure  8.  In  this  approximation,  the  observation  angle  6  is  given  by: 

i 

i 

9  -  eD  -  eE  ( 

where  0E  is  the  angle  of  an  earthshine  ray  with  respect  to  the  normal  to  the 
surface,  and  0D  is  the  angle  of  the  detector  line  of  sight  with  respect  to  the 
earth  normal.  The  angular  distribution  of  earth  radiation  follows  Lambert's 
law: 


The  normalized  scattered  intensity  (analogous  to  Ig  given  in  Eq.  (9)  above) 


is  then: 
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(12) 


-n/2 


Substituting  from  Eg.  (10),  we  obtain: 


2  irl  it/2+0d 

IE  -  (-j^)  ——  J  cos  (0^-9)  i (0 )  d0 


(13) 


tt/2-0d 


A  general  solution  of  Eq.  (13)  for  all  0q  is  rather  laborious.  However,  for 
an  earth-limb  viewing  aspect  typical  of  most  orbital  atmospheric  sensors,  0D 
is  between  80  and  90  deg,  and  the  solution  is  straightforward.  In  this  case, 
we  have  cos  (9q  -  0)  2  sin  0  to  within  10  percent,  and  Eg.  (13)  becomes: 


2  irl 


rE  -  (li)  -*■  /  e  i(6>  ae 


(14) 


Substituting  Qs  from  Eg.  ( 1 ) ,  we  obtain: 

h  ' «  "2  Vs  (,5) 

It  should  be  noted  that  Eq.  (15)  provides  a  significantly  different  descrip¬ 
tion  of  earthshine  scattering  than  the  assumption  of  0  ■  90  deg,  since  it  pro¬ 
vides  for  significant  contributions  due  to  forward  and  backward  scattering  of 
earth  radiation  from  the  horizon. 

V.  Predicted  Particle  Brightness  Spectra 
The  spectral  radiant  intensity,  in  W  sr_1  pm-1,  due  to  scattering  and 


self-emission  is  given  by: 
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Some  sample  predictions  for  are  shown  in  Figures  9  through  12  for  several 
different  illumination  conditions.  The  variation  in  the  single-particle  spec¬ 
trum  with  particle  size  is  illustrated  in  Figure  9  for  solar-illuminated 
particles  with  0  -  90  deg  and  a  tropical  earth;  the  contributions  due  to  solar 
scattering  and  self-emission  are  shown  by  the  dashed  curves.  In  general  the 
spectra  may  be  divided  into  three  spectral  regimes:  0.1  to  3  pm,  dominated  by 
solar  scattering;  3  to  20  pm,  dominated  by  earthshine  scattering;  and  20  to 
100  gm,  dominated  by  self-emission.  For  small  particles,  the  earthshine  scat¬ 
tering  is  a  negligible  contribution  in  the  infrared,  and  the  infrared  signa¬ 
ture  is  both  weak  and  controlled  by  self-emission  beyond  10  pm.  However,  as 
the  particle  size  increases,  earthshine  scattering  becomes  much  more  impor¬ 
tant,  contributing  significantly  to  the  spectral  structure  between  4  and 
10  ym.  This  is  illustrated  in  Figure  10.  The  effect  of  a  colder  earth,  as 
might  be  encountered  in  a  polar  orbit,  is  to  reduce  the  infrared  intensity  by 
as  much  as  a  factor  of  two,  with  an  additional  shift  in  spectral  intensity  to 
the  red  as  a  result  of  the  somewhat  lower  steady-state  particle  temperature. 

The  solar  scattering  spectrum  exhibits  the  basic  envelope  of  the  solar 
spectrum  but  contains  a  superimposed  detailed  structure,  as  in  Figure  11. 

This  structure,  which  is  a  consequence  of  interfering  wave-particle  interac¬ 
tions,  is  a  sensitive  function  of  particle  size  and  observation  angle.  Fur¬ 
thermore,  the  overall  intensity  of  the  scattered  light  is  greatly  increased  if 
the  scattering  angle  is  off  the  perpendicular.  The  effect  of  forward  scatter¬ 
ing,  as  much  as  two  orders  of  magnitude,  is  illustrated  in  Figure  12;  the 
effect  of  backward  scattering  is  similar  to  this  but  not  as  large  in  magni¬ 
tude.  This  type  of  spectral  signature,  if  observed  by  a  scanning  airglow 


spectrometer,  could  be  mistaken  for  a  complex  molecular  near-continuum.  We 
will  return  to  this  point  in  the  next  section. 

The  spectra  shown  here  exhibit  pronounced  oscillations  which  are  charac¬ 
teristic  of  spherical  particles  for  a  given  exact  size.  The  actual  contami¬ 
nant  particles  will  exhibit  similar  but  probably  not  identical  oscillations. 
Furthermore,  for  collections  of  particles  of  different  sizes,  the  single¬ 
particle  spectra  must  be  summed  over  the  size  distribution  within  the  field  of 
view,  further  altering  the  characteristics  of  the  scattering  fine  structure. 
Thus,  the  observed  spectra  of  contaminant  particles  will  exhibit  the  general 
characteristics  of  the  predicted  spectra  shown  here,  but  not  the  identical 
high-resolution  structure. 

For  simplicity,  we  have  not  considered  the  effects  of  illumination  by 
lunar-  or  earth-reflected  sunlight.  The  latter  case  would  be  treated  as  a 
distributed  source  in  a  manner  analogous  to  that  for  infrared  earthshine,  with 
a  local  albedo  depending  upon  wavelength  and  terrain.  The  earth's  albedo  in 
the  visible  can  be  quite  large,  especially  over  ice  fields  or  cloud  cover,  so 
in  some  conditions  the  visible  light  scattering  may  be  more  intense  and  less 
dependent  upon  solar  angle  than  we  indicate  here.  In  addition,  the  intensity 
distribution  of  the  scattered  light  could  be  shifted  towards  longer  wave¬ 
lengths  if  the  source's  surface  reflectance  is  relatively  poor  in  the  blue,  or 
if  the  blue  portion  of  the  source  radiation  is  removed  by  atmospheric  Rayleigh 
scattering.  Solar  reflection  effects  are  difficult  to  model  a  priori,  and  we 
await  experimental  demonstration  of  the  conditions  for  which  they  are 


important. 


VI.  Applications  and  Discussion 

The  fundamental  spectral  intensities  predicted  from  Eq.  (16)  can  be 
applied  to  a  variety  of  detector  designs  and  configurations.  To  convert  the 
values  of  into  radiance  units,  one  must  divide  by  an  effective  cross- 
section  of  the  detector's  field-of-view.  For  a  typical  baffled  detector  sys¬ 
tem,  this  quantity  is  z^nD,  where  z  is  the  distance  of  the  particle  from  the 
detector  and  nD  is  the  effective  solid  angle  of  the  detector.  For  a  tele¬ 
scoped  system,  we  anticipate  that  most  of  the  significant  particle  radiation 
will  occur  in  the  near  field,  i.e.,  the  particles  will  be  out  of  focus  and  the 
detector  will  be  overfilled.  In  this  case  the  limiting  area  is  just  the  area 
of  the  limiting  aperture  stop.  The  resulting  predicted  radiances  can  then  be 
integrated  over  specific  spectral  bandpasses  and/or  coupled  with  detector 
responaivity  curves  to  assess  the  visibility  of  particles  for  the  actual 
experimental  conditions.  He  discuss  briefly  three  example  detector  systems: 
photographic  imaging  of  particles,  scanning  ultraviolet/visible  spectrometry, 
and  infrared  interferometry. 

Photographic  imaging  of  particles  provides  a  means  of  characterizing 
particle  sizes  and  distributions  in  the  near  field. *»2  in  this  case,  the 
detector  (film)  integrates  over  the  visible  spectrum,  and  either  the  sun  or  a 
Shuttle-borne  light  source  such  as  a  strobe  is  required  to  illuminate  the 
particles.  Use  of  two  cameras  with  overlapping  fields  of  view  provides  a 
stereoscopic  image  which  permits  determination  of  particle  range,  size,  and 
velocity  vector,  and  thereby  absolute  intensity.  Shuttle-borne  light  sources 
offer  increased  flexibility,  as  one  can  explore  a  range  of  backscattering 
angles,  polarizations,  and  spectral  bandpasses  in  order  to  test  the  predic¬ 


tions  of  the  spectral  model.  This  type  of  validation  in  the  visible  can 


permit  more  confident  prediction  of  effects  in  the  infrarea  for  similar 


particle  distributions. 

Spectrally  scanning  ultraviolet/visible  spectrometers  are  widely  used  in 
aeronomy  and  have  been  used  repeatedly  in  satellite  and  Shuttle-borne  airglow 
measurements. 13  Since  these  instruments  usually  employ  gated  diode  array 
detectors,  the  spectral  signature  of  the  particle  field  will  be  superimposed 
upon  that  of  the  atmosphere.  If  the  particle  field  is  illuminated  by  direct 
or  reflected  sunlight,  the  resulting  composite  scattered-light  spectrum  would 
appear  at  high  resolution  as  a  broad,  complex  quasi-continuum  containing 
partially  resolved  and  apparently  random  spectral  structure  (cf.  Figure  11). 
The  envelope  of  this  spectrum  would  reflect  the  spectral  signature  of  the 
illumination  source,  e.g.,  peaked  near  0.5  ym  for  direct  solar  radiation  and 
further  to  the  red  for  lunar  or  earth  reflections.  Spectral  behavior  qualita¬ 
tively  similar  to  this  has  been  observed  in  past  Shuttle  missions,13  but  there 
is  insufficient  supporting  data  to  determine  conclusively  whether  those  obser¬ 
vations  were  due  to  particulates.  Nevertheless,  the  observed  signal  levels 
reported  in  Ref.  13  for  700  to  800  nm  are  in  general  accord  with  our  predic¬ 


tions  for  forward  scattering  by  single  particles  in  the  3  to  30  ym  size  range. 
It  should  be  noted  that,  in  order  to  more  accurately  assess  light  scattering 
effects  in  the  vacuum  ultraviolet,  the  detailed  high-resolution  spectrum  of 


the  sun  must  be  considered,  since  discrete  atomic  lines  dominate  the  blackbody 


% 


continuum  at  wavelengths  less  than  0.2  ym. 

In  the  case  of  a  scanning  interferometer,  particle  effects  can  be  mani¬ 


fested  in  two  different  ways.  If  the  particle  is  moving  rapidly  across  the 
f ield-of-view,  it  appears  as  a  transient  in  the  interf erogram,  and  one  is 


primarily  interested  in  the  particle  radiance  integrated  over  the  bandpass 
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of  the  instrument  as  compared  to  the  integrated  radiance  of  the  steady  source 
being  scanned  by  the  device.  For  single  particles  in  the  infrared  (2  to 
20  pm),  a  particle  diameter  of  several  hundred  pm  (in  the  geometric  scattering 
regime)  is  required  before  the  integrated  particle  brightness  can  interfere 
with  earth  limb  measurements.  However,  if  a  particle  or  collection  of  parti¬ 
cles  remains  in  the  field-of-view  as  an  apparently  steady  radiation  source, 
the  actual  spectrally  resolved  signature  is  the  quantity  of  interest.  In  this 
case,  even  relatively  small  integrated  particle  radiance  can  have  a  substan¬ 
tial  spectral  effect  in  the  infrared,  since  ice  particles  exhibit  most  of 
their  intensity  in  atmospheric  spectral  "windows"  between  adjacent  molecular 
bands. 

Comparison  of  our  predictions  with  infrared  atmospheric  limb  radiance 
models14*15  indicates  that,  for  a  typical  aperture  of  ~100  cm2,  particles  in 
the  0.3  pm  size  range  should  not  interfere  with  infrared  spectral  measurements 
unless  present  in  large  quantities  (104“5  particles  in  the  field-of-view),  but 
single  particles  in  the  30  pm  size  range  can  dominate  9  to  14  pm  earth  limb 
emission  from  ~120  km  tangent  heights  or  higher.  The  threshold  for  single¬ 
particle  interference  with  high  altitude  IR  limb  radiance  measurements  appears 
to  be  in  the  1  to  3  pm  size  range,  and  arises  primarily  in  the  8  to  12  pm 
wavelength  range  as  a  result  of  earthshine  scattering.  Self-emission  by 
larger  particles  can  also  be  a  factor  at  wavelengths  beyond  20  pm.  These  com¬ 
parisons  are  illustrated  in  Figures  13  and  14  for  daytime  and  nightime 
conditions. 
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VII.  Conclusions 


We  have  assembled  a  model  for  predicting  the  detailed  spectral  signatures 
of  particulates  in  the  near  field  of  Shuttle,  using  ice  as  a  benchmark  partic¬ 
ulate  species.  These  computations  identify  the  separate  contributions  of 
angle-dependent  solar  scattering,  earthshine  scattering,  and  self-emission  to 
the  naturally  occurring  brightness  spectra  of  single  spherical  ice  particles 
throughout  the  ultraviolet,  visible,  and  infrared.  Major  elements  which  need 
to  be  validated  by  experiment  include  particle  identity,  the  wavelength- 
dependent  refractive  index  as  a  function  of  temperature,  and  nec^r-field 
distributions  of  number,  size,  shape,  and  velocity.  Calculations  of  this  type 
ci>n  be  used  in  support  of  diagnostic  design  and  data  interpretation  for 
Shuttle-borne  experiments  to  characterize  particulate  scattering  in  the 
visible  and  to  optically  probe  atmospheric  emissions  through  a  tenuous 
particle  field. 

The  predicted  spectral  distributions  have  interesting  implications  for 
the  interpretation  of  spectrally  resolved  remote  observations  of  aeronomic 
data  obtained  from  Shuttle.  Stereocamera  experiments1*2  indicate  that,  while 
the  near-field  particulate  distribution  is  often  sparse,  it  is  rarely  zero  for 
long  periods  of  time.  These  imaging  experiments  can  detect  only  particles 
larger  than  a  few  tens  of  microns  in  diameter;  we  have  shown  here  that  even 
single  particles  in  the  1  ym  size  range  can  affect  spectral  measurements. 

Thus,  it  seems  that  the  appearance  of  particulate  spectral  signatures  in  Shut¬ 
tle  aeronomic  data  will  be  more  likely  the  rule  than  the  exception,  even  when 
great  care  is  exercised  in  performing  the  measurements  during  low- 
contamination  periods.  It  then  falls  upon  the  experimenter  to  somehow  iden¬ 
tify  particulate  contributions  and  remove  them  from  the  data.  This  could  be 


done  most  comprehensively  by  obtaining  spectrally  resolved  images  of  the  near¬ 
field  participate  distributions  during  the  aeronomic  measurements,  perhaps 
with  a  companion  sensor.  Alternatively,  investigators  should  obtain  spectra 
during  periods  when  particulate  signatures  are  likely  to  predominate  in  order 
to  unambiguously  identify  their  appearance. 
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Fig.  1  Single-particle  efficiencies  for  absorption  and  scattering  of  light  by 


spherical  ice  particles,  0.3  pm  radius. 

2  Single-particle  efficiencies  for  absorption  and  scattering  of  light  by 
spherical  ice  particles,  3  pm  radius. 

3  Single-particle  efficiencies  for  absorption  and  scattering  of  light  by 
spherical  ice  particles,  30  pm  radius. 

4  Angular  scattering  patterns  for  ice  particles  in  the  visible. 

5  Spectral  radiant  flux  of  sun  and  earth. 

6  Particle  temperatures  in  radiative  steady-state,  tropic  earth. 

7  Particle  temperatures  in  radiative  steady-state,  arctic  earth. 

8  Geometry  for  scattering  of  earth  radiation  by  particle  at  altitude  h, 
detector  angle  00  with  respect  to  earth  normal. 

9  Single-particle  radiant  intensities,  tropic  earth,  90°  solar 
scattering.  The  dashed  curves  on  the  left  and  right  illustrate  the 
contributions  of  solar  scattering  and  self-emission,  respectively. 

10  Single-particle  radiant  intensities  in  the  infrared,  tropical  earth, 
no  sun. 

11  Single-particle  solar  scattering  spectrum,  r  «  30  pm,  0  =  90°. 

12  Single-particle  radiant  intensities,  tropic  earth,  forward  solar 
scattering  (0  -  30°). 

13  Comparison  of  predicted  single  particle  brightness  to  daytime  IR  limb 
radiance  (Ref.  15).  The  modeled  limb  radiance  spectra  are  given  for 
10  km  (tangent  height)  intervals. 

14  Comparison  of  predicted  single  particle  brightness  to  nighttime  IR 
limb  radiance  (Ref.  15).  The  modeled  limb  radiance  spectra  are  given 
for  10  km  (tangent  height)  intervals. 
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Single-particle  efficiencies  for  absorption  and  scattering 
of  light  by  spherical  ice  particles,  0.3  um  radius. 
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Fig.  8  Geometry  for  scattering  of  earth  radiation  by  particle  at  altitude  h, 
detector  angle  9^  with  respect  to  earth  normal. 
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1.0  INTRODUCTION 


EKTRON  was  contracted  by  PSI  of  Andover  to  perforin  image 
analysis  on  film  data  returned  by  the  PACS  system.  This  included 
development  of  an  analytical  model  and  error  budget  analysis  for 
stereoscopic  data  reduction.  Following  the  failure  of  one  of  the 
cameras,  EKTRON  was  tasked  with  extracting  as  much  information  as 
possible  out  of  the  film  that  was  returned;  in  particular,  image 
enhancement  techniques  were  to  be  explored  which  would  either 
bring  out  faint  particle  tracks  or  give  a  better  understanding 
of  the  behavior  of  the  camera  system. 


2.0  TECHNICAL  BACKGROUND 


The  original  PACS  experiment  was  to  examine  the  contamin¬ 
ation  background  of  the  Shuttle  bay  by  gathering  stereoscopic 
imagery  with  a  fixed  acquisition  schedule.  Every  two  minutes  a 
series  of  four  frames  was  to  have  been  exposed,  with  the  members 
of  the  series  to  have  varying  exposure  times  or  illumination 
conditions. 

The  camera  systems  used  16mm  film  (KODAK  Pan  Film  2484 
(ESTAR-AH  Base)).  The  camera  focus  was  set  at  70  feet  in  order 
to  optimize  the  viewing  of  small  particles. 

Before  the  flight  of  Shuttle  Columbia,  EKTRON  developed 
a  plan  to  reduce  the  data  that  was  to  be  returned  by  the  PACS. 
The  plan  included  development  of  an  imaging  model  for  the 
stereoscopic  system  that  would  allow  determination  of  size, 
distance,  and  velocity  of  particles  that  appeared  on  conjugate 
frames.  A  software  processing  plan  was  created,  and  many  of  the 
necessary  modules  were  implemented  prior  to  the  flight.  An  error 
budget  was  also  prepared  and  presented  (refer  to  Appendix  A) . 

After  the  flight  of  the  Shuttle  Columbia  and  the  failure  of 
one  of  the  camera  systems,  a  re-evaluation  of  the  program  plan 
was  called  for.  It  was  decided  that  EKTRON  would  process  copies 
of  the  original  film  and  attempt  the  following: 

•  enhance  the  images  to  bring  out  faint  tracks  or 
small  particles 

•  examine  tracks  in  greater  detail  to  get  a  cross- 
sectional  view  of  their  structure 

•  attempt  to  use  the  blur  circle  to  get  an  approxi¬ 
mation  to  range  and/or  size. 


3 . 0  WORK  PERFORMED 


With  the  above  plan  in  mind,  EKTRON  digitized  several  frames 
at  two  resolutions  and  used  them  as  a  testbed  for  algorithmic 
evaluation.  The  frames  were  chosen  subjectively:  one  showed 
a  mixture  of  types  of  particle  tracks  (wide,  thin,  long,  short, 
etc.),  one  included  a  view  of  Florida,  and  another  included  Comet 
Halley.  Resolution  was  either  at  512  x  512  or  1024  x  1024  pixels 
per  frame  (i.e.,  32  or  16  microns  per  pixel). 

Several  families  of  algorithms  were  examined  for  image 
enhancement.  They  included: 

Histogram  Manipulations  (including  Equalization) 

Edge  Operators  (including  Roberts,  Sobel,  and  Laplace 

types) 

Local  Contrast  Segmenters 

"Zonal"  Filtering. 


All  the  operations  modify  the  data,  and  they  will  all  be 
described  more  fully  below. 

3.1  Histogram  Manipulations 

The  histogram  of  an  image  is  the  graph  of  gray  level 
versus  the  occurrence  frequency  of  gray  level.  Whereas  an  image 
might  have  a  nominal  dynamic  range  of  8  bits  (256  gray  levels) , 
in  practice  very  few  of  those  levels  are  widely  populated, 
so  that  only  4  or  5  bits  of  dynamic  range  are  actually  used. 

More  to  the  point,  the  gray  levels  that  are  used  are 
usually  clustered  together  or  in  a  few  clusters;  meaningful 
patterns  are  masked  by  the  eye's  inability  to  distinguish  similar 
gray  scale  values. 
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Linear  histogram  manipulation  methods  simply  rescale 
the  data  so  that  the  small  differences  within  a  cluster  appear 
larger.  If  there  is  more  than  one  cluster  in  the  histogram, 
the  permissible  scale  factor  might  be  small.  It  is,  therefore, 
usually  better  to  use  nonlinear  transformations.  Among  the  many 
possibilities,  two  stand  out.  One  is  the  use  of  a  logarithmic 
transform;  this  has  the  effect  of  giving  a  very  good  separation 
to  dark  values  while  compressing  bright  values.  The  other  is 
histogram  equalization.  In  this  method,  gray  values  are 
reassigned  so  as  to  make  the  histogram  as  flat  as  possible. 
This  is  especially  useful  in  the  case  of  a  histogram  with  several 
narrow  clusters,  because  each  cluster  is  stretched  out. 

3 . 2  Edge  Methods 

One  of  the  ways  of  distinguishing  objects  within  an 
image  is  to  form  an  edge  image;  this  should  effectively  encircle 
each  individual  object  by  its  boundary.  Once  that  is  done, 
there  are  several  ways  to  approach  segmenting  the  image  into 
the  distinct  objects. 

There  are  perhaps  as  many  edge  operators  as  there  are 
researchers  in  image  processing,  all  with  advantages  in  certain 
particular  cases.  Several  of  the  more  generally  useful  variety 
were  examined:  the  Roberts  Edge  Operator,  the  Sobel  Edge 

Operator,  and  the  Laplace  Edge  Operator.  For  various  reasons, 
they  were  all  found  wanting. 

In  order  to  discuss  the  different  operators,  fix  a 
digital  image  as  an  array  of  integer  values  P(j,i), 
where  1  <  j  <  #  rows  and  1  <  i  <  #  columns. 


The  Roberts  Edge  Operator  replaces  each  pixel  P(j,i) 
by  the  value: 


R(j,i)  =  abs(P(j+l,i+i)-P(j,i))+abs(P(j+l,i)-P(j,i+l)) 


The  Sobel  Edge  Operator  looks  similar: 


S(j,i)  =  sqrt (  DV  2  +  DH  2  ), 


DV  =  P(j-l,i-l)-P(j-l,i+l)  f  P(j+l,i-l)-P(j+l,i+l)  + 

2* (P ( j  » i-l) “P ( j / i+1) ) 


DH  =  P(j-l,i-l)-P(j+lfi-l)  +  P(j-l,i+l)-Ptj+l,i+l)  + 
2*(p(j”l/i)  -P(  j+1/  i) ) 


The  Laplace  Edge  Operator  is  actually  a  family  of 
,  Ln,  where  n  >  0  is  an  in 
formed  from  the  fundamental  matrix: 


operators,  L  .  where  n  >  0  is  an  integer.  L  is  a  3n  x  3n  matrix 
n  n 


0-10 


L  =  -14  -1 

0-10 


For  n  >  1,  each  element  is  replaced  by  an  n  x  n  constant  matrix 
with  the  same  value. 


There  are  also  edge  operators  designed  specifically  for 
horizontal  and  vertical  edges,  but  those  are  not  of  particular 
interest  for  the  imagery  in  hand;  in  fact  it  can  be  seen  from  its 
definition  that  the  Sobel  operator  essentially  incorporates  them 
into  a  unified  measure. 


3 . 3  Local  Contrast  Segmentation  Operators 


In  many  sorts  of  images  there  are  no  good  edges  as 
such,  but  there  are  clear  regions  distinguished  by  their  texture. 
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Local  contrast  operators  segment  the  image  by  assigning  local 
texture  measures  for  each  point;  regions  of  similar  texture  are 
then  transformed  into  regions  of  roughly  constant  value. 


There  are  probably  as  many  local  contrast  measures 
as  there  are  edge  measures.  They  all  have  a  free  parameter 
(the  window  size)  ;  proper  choice  of  a  window  size  is  somewhat 
ad  hoc,  but  is  normally  related  to  the  size  of  expected  features. 
Once  a  window  size  has  been  chosen,  some  of  the  simpler  measures 
are  local  average  (smoothing)  and  local  variance.  A  whole  other 
class  are  the  rank  operators:  each  point  is  replaced  by  that 
pixel  value  which  has  a  certain  rank  in  the  histogram  of  the 
window  centered  at  the  point.  Examples  of  rank  which  are 
frequently  used  are  the  median,  the  maximum,  and  the  minimum. 

Another  measure  that  frequently  is  useful  is  the 

following: 

T(i,j)  =  (max (window) -min (window) )  /  (max (window) +min (window) ) 

Notice  that  in  regions  of  constant  (or  nearly  so)  grayscale  the 
measure  T  is  very  close  to  0,  while  in  regions  with  a  wide 
disparity  of  grayscales,  the  measure  is  close  to  1. 

3 . 4  Zonal  Filtering 

An  interesting  class  of  operators  are  the  "zonal" 
filters;  more  precisely  they  are  formed  from  the  short  space 
spectral  transform.  Essentially,  a  window  is  dragged  across  an 
image;  the  data  within  the  window  is  scaled,  tapered,  and  Fourier 
transformed.  The  transform  is  then  filtered.  The  result  is 
inverse  Fourier  transformed,  given  a  fixed  DC  value,  and  added 
to  an  output  matrix. 
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The  filters  that  can  be  applied  to  the  spectral  data 
range  from  linear  bandpass  to  nonlinear  enhancements.  A  simple 
example  of  such  enhancement  is  to  multiply  each  spectral 
component  by  its  magnitude,  and  then  to  scale  so  as  to  keep  the 
maximum  amplitude  unchanged. 

There  are  several  parameters  in  the  zonal  filter,  among 
them  the  window  size,  the  amount  of  overlap  in  consecutive 
windows,  the  amount  of  scaling  prior  to  tapering,  and  the  degree 
of  spectral  filtering. 


4 . 0  RESULTS 


As  a  result  of  the  processing,  it  was  determined  that  the 
most  useful  approaches  were,  respectively,  Histogram  Manipula¬ 
tions  (especially  equalization)  and  Zonal  Filtering.  The  reasons 
can  be  explained  as  follows: 


•  the  imagery  is  typically  low-contrast,  with  a 
nonuniform  background,  and  with  most  objects  of 
interest  being  slightly  out  of  focus 

•  traditional  convolution-type  edge  operators  like 
Sobel,  Laplace,  and  Roberts  do  not  perform  well 
on  objects  with  blurred  edges;  furthermore  the 
nonuniform  background  tends  to  further  confuse 
the  edge  image  that  results 

•  local  contrast  methods  have  a  great  deal  of 
difficulty  dealing  with  images  of  low  contrast 
(the  contrast  variations  that  would  be  used  to 
segment  the  image  just  aren't  there) 

•  by  contrast,  histogram  manipulations  (especially 
equalization)  are  designed  to  maximize  the  spread 
of  t-he  useful  data  into  a  full  data  range;  thus,  if 
the  data  is  restricted  to  several  narrow  bands,  then 
the  result  of  manipulating  the  histogram  will  be  to 
spread  each  band,  improving  viewability 

•  zonal  filtering,  by  its  very  nature,  does  not  care 
overly  much  about  local  background  variations 
(it  removes  them,  in  fact),  and  it  can  be  tuned  to 
deal  with  low  contrast.  Similarly,  it  can  be  tuned 
to  sharpen  an  image  as  well. 


One  of  the  immediate  results  from  the  processing  is  that 
there  are  many  more  particles  captured  by  the  film  than  meet  the 
unaided  eye.  A  second  result  is  that  particle  tracks  are  wider 
than  they  first  appear. 

4 . 1  Evaluation  Criteria 


The  evaluation  of  different  enhancement  methods  can 
be  approached  in  two  ways:  from  the  point  of  view  of  a  human 


IflMWHWWflMHJUWW  WWWH.  V  V'.i,  WMV.v.v.w  v. 


observer,  and  from  the  point  of  view  of  automatic  interpretation. 
It  was  decided  that  all  methods  tested  would  be  evaluated  on  the 
basis  of  the  former;  there  was  no  effort  made  to  automatically 
extract  data  of  interest. 

Given  that  the  methods  would  be  judged  on  how  they 
improve  a  human  operator's  understanding  of  what  is  in  the  image, 
the  methods  were  then  judged  further  on: 

•  were  previously  faint  objects  made  brighter 
or  more  distinguishable  from  the  background 

•  was  internal  structure  made  more  apparent 


•  was  background  noise  suppressed. 


4 . 2  Evaluation  Results 

A  preliminary  set  of  frames  were  digitized  and 
processed  by  several  of  the  above  methods  (refer  to  Figures  4-1 
thru  4-6) .  From  these,  it  was  determined  that  the  edge  and  local 
contrast  methods  did  not  do  well.  A  list  of  test  frames  was 
acquired  from  PSI;  of  this  list  14  frames  were  digitized  and 
processed  (refer  to  Figures  4-7  thru  4-14). 


The  logarithmic  transformation  does  a  very  good  job 
of  improving  viewability  of  bright  objects  in  a  bright  field 
(on  the  film,  of  dark  objects  in  a  dark  field)  .  In  fact,  some 
particles  can  be  detected  in  seemingly  empty  regions. 
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Histogram  equalization  does  a  better  job  of  bringing 
out  faint  tracks.  The  blur  circles  for  stars  and  the  width  of 
tracks  is  similarly  improved.  However,  viewability  of  internal 
structure  is  not  improved,  and  in  some  cases  is  reduced. 
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Zonal  filtering  also  showed  promise  for  detecting  faint 
tracks.  In  addition,  because  there  tend  to  be  artifacts  in  the 
filtered  image  due  to  ringing,  the  potential  for  automatic 
processing  at  a  later  date  is  enhanced. 


Figure  4-1 


Original  Images 


Figure  4-3 


zonal  Filtered  Images 


Figure  4-8 (b)  MET  0:17:31  Histogram  Equalized 
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Figure  4-9 (a) 


Figure  4-10 (a) 


MET 


Figure  4-il(a)  MET  1:05:50  Original 


Figure  4-14 (a)  MET  1:23:07  Original 
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Figure  4-18 (a)  MET  2:06:44  Original 


Figure  4-18 (b)  MET  2:06:44  Histogram  Equalized 


Figure  4-20 (c)  MET  1:22:27  Compare  to  Figures  4-13  (a)&(b) 

No  Real  Improvement 


Figure  4-20 (d) 


MET  1:22:27  Compare  to  Figures  4-13  (a)&(b) 
No  Real  Improvement 
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5.0  CONCLUSIONS  AND  RECOMMENDATIONS 

The  processing  performed  generally  made  the  imagery  easier 
to  interpret.  That  is  good,  so  long  as  the  purpose  of  the 
enhancement  is  to  perform  such  activities  as  counting  of  parti¬ 
cles  or  (with  stereoscopic  imagery)  determining  position  and 
velocity.  However,  the  enhancement  methods  do  modify  the  data, 
making  radiometric  evaluation  impossible. 

On  the  other  hand,  film  is  difficult  to  use  as  a  radiometer. 
A  film  digitizer  measures  the  film  transmittance;  this  transmit¬ 
tance  is  essentially  the  exponential  of  the  film  density. 

The  relationship  between  film  density  and  input  exposure  is  given 
by  the  D-LogE  curve.  This  is  a  roughly  S-shaped  curve,  with 
a  broad  area  which  is  linear.  Putting  the  equations  together, 
one  concludes  that  there  is  a  power  law  relationship  between 
input  exposure  and  film  transmittance,  at  least  in  the  region 
where  the  D-LogE  curve  is  linear.  Moreover,  this  power  law 
relationship  depends  critically  upon  the  development  protocol. 

An  alternative  is  now  possible  that  would  allow  one  to  use 
film  for  what  it  does  best  (namely:  measurement  of  numerical 
density  and  position/velocity)  while  gathering  radiometric  data 
in  a  more  reliable  mode.  For  radiometric  data  a  solid-state 
sensor  is  much  more  desirable.  As  an  example,  there  are  now 
solid-state  1024  x  1024  pixel  arrays  available  from  both  Kodak 
and  Texas  Instruments;  in  fact  the  Kodak  array  is  available  in  a 
digital  camera.  These  arrays  have  a  linear  response  to  exposure 
and  can  be  calibrated  periodically  in  flight,  making  them  ideal 
adjuncts  to  the  film  system.  They  can  also  be  used  in  a  staring 
mode  to  improve  signal  detectability.  Thus,  if  one  allows  such  a 
sensor  to  gather  exposure  data  over  the  period  that  the  film 
system  collects  geometric  data,  at  the  end  of  the  mission  one 
would  have  two  complementary  data  sets  and  could  make  more 
reliable  conclusions  about  the  nature  of  detected  particles. 
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APPENDIX  A 


The  PACS  system  geometry  can  be  modeled  as  a  standard  stereo 
camera  set-up.  The  errors  that  can  occur  can  be  divided  into 
interior  camera  orientation  errors  and  exterior  camera  orien¬ 
tation  errors.  The  interior  errors  include  uncertainty  in 
the  focal  length,  uncertainties  in  the  film  plane,  and  plain 
measurement  errors.  The  exterior  errors  include  the  angular 
orientation,  perspective  placement,  and  location  within  the 
shuttle  bay.  Nominal  values  for  all  these  error  sources  are 
in  Table  A-l. 

The  standard  camera  equations  allow  one  to  estimate  the 
induced  errors  in  position  due  to  each  of  the  above  errors. 
These  are  summarized  in  Table  A-2.  Notice  that  the  RMS  error  in 
position  is  about  3.3”  for  a  particle  ten  feet  from  the  camera. 

Velocity  errors  can  be  deduced  from  the  positional 
inaccuracy  as  follows.  For  a  moving  particle,  the  error  circle 
radius  grows  linearly  with  time.  By  using  a  worst  case 
approximation,  one  finds  that  the  magnitude  of  the  velocity 
variation  is  about 


delta  v  -  (3/^r2)  r0  +  (3/4)  (rQ  )/|vQ| 

Using  the  figure  of  rQ  =  3.3",  and  a  velocity  of  about  120"/sec, 
one  gets  that  delta  v  =  7"/sec. 
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Table  A-l 

Nominal  Error  Budget 

Error  Source 

Value,  Each  Axis 

Interior  Orientation 

Focal  Length 

Film  Plane  Displacement 

Film  Plane  Angular  Orientation 
Image  Plane  to  Film  Plane 
Measurement 

0.1" 

0.004" 

<  1  Degree 

0.002" 

0.001" 

Exterior  Orientation, 
each  Camera  to  Base 

Angular  Orientation 

Perspective  Center 

0 . 1  Degree 

0.1" 

Base  to  Shuttle 

Angular  Orientation 

Displacement 

0.25  Degree 

0.5" 
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Table  A- 2 


Particle  Position  Error  Estimate 

(1  sigma,  each  axis)  ; 

in  Shuttle  Coordinate  System  ‘ 

k 

I 

\ 
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i 

Error  Source  10  Feet  Distant  100  Feet  Distant 


Interior  Orientation 


Focal  Length 

3" 

30" 

Film  Plane  Displacement 

0-22 

7  "-3 

Film  Plane  Angle 

10  *» 

10  J 

Image  Plane  to  Film 

0.25" 

2.5" 

Measurement  Error 

0.15" 

1.5" 

Exterior  Orientation, 
Camera  to  Base 


Angular  Orientation  0.3" 

Perspective  Center  0.3" 


3" 

3" 


Base  to  Shuttle 

Angular  Orientation 
Displacement 


0.7" 

0.7" 


7" 

7" 


APPENDIX  M 


Briefing  to  CIRRIS  Staff 
27  July  1986 
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Figure  1.  Diagram  of  PACS  Assembly 
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Figure  2.  Diagram  of  PACS  Fields  of  View 
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Figure  4.  Analog  Representation  of  PACS  Sequence 
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DETAILED  TIMELINE  AND  POINTING  INFORMATION 


Shuttle  Ground  System  Attitude  Display.  V  is 
Velocity  Vector,  S  is  Sun  Sector  and  E  is  Center 
of  Earth  Vector.  Solid  Angle  Subtended  by  Earth 
is  Indicated,  as  PACS  Field  of  View 
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PERCENT  OF  POTENTIAL  CONTAMINATION  FRAMES 
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ken  m  5- hour  blocks.  Contamination  is  portrayed  as  a  percent 
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THE  PARTICLE  ENVIRONMENT  ON-ORBIT:  OBSERVATIONS,  CALCULATIONS, 
AND  IMPLICATIONS 


Byron  David  Green 

Physical  Sciences  Inc. 
Research  Park,  P.O.  Box  3100 
Andover,  MA  01810,  U.S.A. 


ABSTRACT 

The  full  potential  for  making  remote  observations  from  space  free  from  atmospheric  attenua¬ 
tions  and  distortions  may  not  be  realized  due  to  the  residual  environment  surrounding 
orbital  experiments:  particulates  could  overwhelm  or  severely  complicate  remote  astronomi¬ 
cal  or  atmospheric  sounding  observations.  Small  particles  are  lifted  into  space  by  the 
observatory  and  its  carrier  and  take  considerable  time  to  evolve  from  surfaces.  Single 
near-field  particles  have  been  observed  which  produce  irradiance  levels  larger  than  the 
brightest  stars  and  brighter  than  the  emission  from  the  entire  earth  limb  airglow  layer. 

The  existing  data  bases  are  reviewed  including:  1)  the  low  light  level  camera  videotape 
data  of  STS-3  in  which  large  persistent  particles  were  observed;  2)  the  data  from  the 
stereo  cameras  which  were  part  of  the  Induced  Environmental  Contamination  Monitor  pallet 
assembled  by  NASA  Marshall  -  which  is  being  analyzed  to  obtain  particle  number  densities, 
trajectories,  and  decay  times;  and  3}  data  from  the  Particle  Analysis  Camera  for  Shuttle 
which  was  part  of  the  HITCHHIKER  pallet  on  a  January  1986  Mission  is  current  being  analyzed 
to  obtain  decay  rates  and  correlations  with  orbital  activities.  The  implications  for 
several  other  data  bases  such  as  the  Infrared  Telescope  is  also  described. 

The  analysis  of  these  spectrally  broad  band  observations  is  further  complicated  by  the 
nature  of  the  particle's  scattering  of  light.  Depending  on  wavelength  and  particle  size, 
the  scattering  of  solar  radiation  or  earth  radiation,  or  particle  self  emission  will 
dominate  the  optical  signature.  The  scattering  and  emission  from  particulates  will  likely 
be  highly  structured  as  a  function  of  wavelength.  We  present  Mie  scattering  calculations 
for  particle  size  distributions  observed  on-orbit.  Finally,  we  assess  the  consequences  of 
the  observations  and  calculations  on  future  space-based  observations. 

INTRODUCTION 

The  other  articles  in  this  issue  have  presented  many  facets  of  the  on-orbit  environment 
which  will  have  deleterious  effects  on  our  ability  to  perform  sensitive  remote  observations 
from  orbital  platforms.  This  paper  deals  with  the  particulate  environment  which  is  perhaps 
the  most  severe  for  astronomical  observations.  Since  the  firBt  manned  missions,  particles 
have  been  observed  under  the  proper  illumination  conditions.  During  Skylab,  coronographlc 
techniques  were  used  to  quantify  the  particulate  environment. /I/  A  rough  size  distribution 
scaling  as  r-3/2  was  determined  for  particles  down  to  micron  sizes.  Particles  were 
observed  even  after  the  vehicle  had  been  on-orbit  for  months. 

There  have  also  been  many  observations  of  particulates  from  the  Shuttle.  NASA,  recognizing 
the  potentially  serious  nature  of  the  earlier  observations,  set  design  guidelines  (CRDG ) 
for  the  normal  Shuttle  operational  environment  as  an  average  of  less  than  one  particle  per 
orbit  entering  a  1.5  x  10“^  sr  field  of  view  along  any  line  within  60  degrees  of  the  -Z 
axis  (out  of  boy),  and  this  f ield-of-view  should  contain  no  discernible  particles  for 
90  percent  of  the  operational  period.  A  discernable  particle  is  a  particle  with  diameter 
of  5  jm  within  a  range  of  10  km./2/  In  order  to  determine  their  responsiveness  to  these 
self-imposed  guidelines  NASA  included  a  pair  of  sensitive  film  cameras  as  part  of  the 
Induced  Environment  Contamination  Monitor  (IECM)  payload  assembled  at  Marshall  Space  Flight 
Center.  The  IECM  pallet  was  manifested  on  the  STS-2,-3,-4  and  -9  (Spacelab  1) 
missions. /2 , 3/  Their  findings  are  discussed  in  the  Observations  sections.  There  are  low 
light  level  television  cameras  mounted  in  the  bay.  On  Mission  STS-3,  the  Shuttle  was 
oriented  tail-to-sun  so  that  particles  in  the  bay  could  be  very  sensitively  observed. /4/ 
These  results  are  also  discussed  in  the  Observations  section.  The  Shuttle  Induced 
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Atmosphere  experiment  was  also  on  mission  STS-3.  J.  Weinberg  in  another  paper  in  this 
issue  /5/  reports  clear  evidence  of  a  blizzard  of  particles  in  his  non-imaged  radiometric 
data  early  in  the  mission.  The  polarization  of  the  detected  light  indicated  that  the 
source  was  local  scattering  from  particles  and  not  galactic.  The  effects  of  this  scatter 
are  greatest  in  the  red  portion  of  the  spectrum.  He  observed  that  the  number  of  particles 
decreases  as  mission  elapsed  time  passes.  This  latter  finding  is  supported  by  the  IECN 
camera  data.  The  Infrared  Telescope  (IRT)  was  part  of  the  Spacelab  2  mission  in  the  summer 
of  1985.  D.  Koch  and  G.  Fazio  report  their  findings  in  another  paper  in  this  issue. /6/ 
Their  observations  Indicate  the  presence  of  a  large  number  of  particles  (and  even  indicate 
particle  rotations).  Unfortunately  the  IECM  pallet  originally  manifested  to  be  aboard  the 
Spacelab  2  mission  was  removed  from  the  manifest  only  months  before  the  flight  and  thus 
photographic  data  is  not  available  to  corroborate  the  IRT  radiances.  Another  camera 
experiment  was  on  STS-61C  in  January  1986.  The  Particle  Analysis  Cameras  for  Shuttle 
(PACS)  acquired  data  throughout  the  mission.  Their  preliminary  findings  are  described  in 
the  Observations  section.  In  addition  to  the  optical  observations,  other  data  exists 
regarding  the  particulate  environment.  Several  other  experiments  on  the  IECM  were 
sensitive  to  particles.  These  included  the  Passive  Sample  Array,  the  Optical  Effects 
Module,  the  Temperature  controlled  Quartz  Crystal  Microbalances  (TQCM) ,  and  an  air  sampling 
system.  These  experiments  sample  the  particle  environment  during  ascent,  descent,  and  to 
some  degree  on  orbit.  Their  results  have  been  reported  previously/2 ,3/.  In  addition  JPL 
has  flown  a  contamina tion  monitoring  package  and  TCQM's  have  been  aboard  several  other 
missions.  The  Spacelab  1  mission  TCQM  results  are  discussed  in  the  Observations  section. 

SOURCES  OF  PARTICLES 

The  particles  observed  on-orbit  are  believed  to  arise  primarily  from  ground  based  process¬ 
ing.  The  orbiter  processing  facilities  have  been  improved  significantly  with  particulate 
counts  being  carefully  monitored  by  passive  techniques,  such  as  witness  arrays,  at  every 
stage  of  processing.  The  improvements  have  resulted  in  substantially  less  particulate 
loading  (area  coverage)  on  the  arrays.  In  spite  of  these  improvements  it  is  still  recom¬ 
mended  that  moat  sensitive  payloads  adopt  protective  measures  against  particles  until 
safely  on-orbit.  Another  major  contamination  period  is  during  ascent  when  the  payload  bay 
venting  could  move  particles  around  and  down  onto  sensitive  surfaces.  Simultaneously, 
vibrations  from  the  Solid  Rocket  Boosters  and  when  the  Shuttle  goes  transonic  will  act  to 
redistribute  particles.  It  has  long  been  known  that  actlvites  such  as  water  dumps  generate 
copious  ice  particles,  but  in  the  next  section  we  report  that  a  whole  range  of  events  such 
as  crew  activities  and  engine  firings  can  shake  loose  or  produce  particles  detectible  to 
sensitive  astronomical  instruments.  While  on-orbit  micrometeorites  spall  off  substantial 
material  as  modeled  by  Barengoltz ./7/  He  predicted  that  formation  of  smaller  particles 
down  to  2  urn  is  favored.  The  reader  interested  in  data  from  the  passive  collection  tech¬ 
niques  and  ground  processing  facilities  is  referred  to  the  detailed  discussions  and  refer¬ 
ences  in  the  Particulate  Environment  Section  of  ENVIRONET  which  has  been  compiled  by 
Barengoltz. /8/  A  general  review  has  also  recently  appeared. /9/  One  clear  objective  of  the 

acquiring  of  a  prelaunch  and  orbital  observations  database  should  be  the  development  of  a 

predictive  model  based  on  these  data.  This  model  may  then  be  exercised  to  predict  optimum 
observational  periods  or  suggest  key  ameliorative  procedures  to  be  undertaken. 

PARTICULATE  OBSERVATIONS 

The  low  light  level  television  cameras  observed  large  particles  during  STS-3  as  previously 
reported  by  Maag,  Barengoltz  and  Kuykendall. /4/  They  analyzed  videotape  data  from  the 
camera  located  in  the  forward  part  of  the  bay  looking  aft  with  a  four  degree  f ield-of-viev . 
With  the  tail  blocking  the  sun,  any  particles  in  the  bay  or  near  the  tail  were  observed 

from  their  forward  scattering  lobe.  This  conf igura tion  provides  the  most  sensitive 

detection  of  particles.  Particle  distances  from  the  camera  were  not  known,  but  atmospheric 
drag  was  used  to  size/range  particles.  Because  of  the  relative  Insensitivity  of  the  camera 
only  large  particles  could  be  detected  even  in  the  forward  scattering  configuration. 
Nevertheless,  a  large  number  of  particles  were  detected.  They  were  estimated  to  be  in  the 
mm-cm  radius  size  range.  Over  60  particles  larger  than  5  mm  were  observed. 

Stu  Clifton,  Carl  Benson,  Edgar  Miller,  and  Jerry  Owens  from  NASA/Marshall  have  been 
analyzing  the  Camera/Photometer  data  from  the  IECM  pallet  /2,3/  which  was  on  missions  STS- 
2,-3, -4,  and  -9  (Spacelab  1).  This  experiment  involved  a  pair  of  16  mm  cameras  with 
32  degree  f ields-of-view.  Overlapping  fields  of  view  provided  the  stereo  coverage  neces¬ 
sary  to  determine  particle  position  in  three  dimensions  relative  to  the  camera.  From  expo¬ 
sure  time  each  particle's  velocity  vector  can  be  determined  and  by  assuming  a  emissivity/ 
scattering  efficiency,  each  particle's  size  can  be  determined  from  film  exposure  level  and 
distance.  The  particle  velocity  vector  determination  was  aided  by  use  of  a  chopping  shut¬ 
ter.  An  integrating  photometer  terminated  the  frame's  exposure  when  sufficient  radiance 
levels  were  achieved.  Exposures  up  to  15s  were  achieved  under  the  lowest  light  conditions. 
The  experiment  and  their  findings  are  described  more  fully  in  References  /2,3/.  The  IECM 
was  positioned  in  the  rear  of  the  bay  near  the  centerline  just  below  the  sidewall  rails 
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looking  directly  out  of  the  bay  (-Z  axis).  The  cameras  gathered  data  for  the  duration  of 
the  missions  taking  an  exposure  every  150s.  Consequently  there  is  over  300  hours  of  data 
on  the  particulate  environment  surrounding  the  Shuttle.  Those  researchers  found  that  a 
number  of  orbital  events  give  rise  to  particles  including  water  dumps,  engine  firings  occa¬ 
sionally,  and  payload  bay  door  operations.  In  general  the  particle  concentration  drops 
with  time  on-orbit.  This  trend  is  shown  in  Figure  1  (from  Reference  /2/).  The  figure  dis¬ 
plays  the  results  for  the  combined  observations  of  STS-2,  -3,-4,  the  early  checkout  mis¬ 
sions.  The  percentage  of  frames  having  10  or  more  particles  drops  below  10  percent  of  the 
time  by  the  end  of  the  first  day  on-orbit,  while  over  two- thirds  of  the  frames  have  no 
visible  particles  after  the  first  day.  On  STS-9  a  different  behavior  was  observed,  how¬ 
ever,  as  shown  in  Figure  2  (from  Reference  /3/).  After  an  initial  decrease,  greater  than 
50  percent  of  the  frames  have  detectible  particles  for  the  duration  of  the  mission.  The 
persistance  of  particulates  has  been  attributed  to  the  presence  of  the  complex  Spacelab  \ 
payload  and  crew  activities.  Recently,  Scialdone  /10/  has  noted  a  strong  correlation  of 
the  bay  thermal  profile  with  observed  particles  loadings  suggesting  that  thermal  processes 
play  a  large  role.  The  distribution  of  IECM  camera  frames  showing  various  levels  of 
particulates  during  Spacelab  1  is  summarized  in  Table  1  (from  Reference  /3/).  Frames 
around  the  time  of  obvious  orbital  activities  have  been  excluded  from  the  table  and 
Figures  1  and  2. 
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Fig.  1.  IECM  -  STS-2, 3,4  combined  observations  taken  from  NASA  TM-82524, 

E.R.  Miller,  Ed.  (Ref.  /2/). 

The  clearing  time  of  the  local  environment  after  a  serious  perturbation  such  as  a  water 
dump  is  of  prime  interest  for  astronomical  observations.  The  sequential  frames  of  IECM 
data  after  water  dumps  have  been  analyzed  to  provide  the  data  of  Figure  3.  The  number  of 
particles  in  a  Is  exposure  is  seen  to  decay  expontentially  after  the  dump  with  a 
characteris tic  e-folding  time  of  about  5  min.  The  visible  particle  count  drops  to  the 
pre-dump  levels  well  within  a  half-hour  of  termination  of  the  dump. 
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Fig.  2.  IECM  -  Spacelab  1  observed  contamina  tion  taken  from  NASA  TM-86451, 
E.R.  Miller,  Ed.  (Ref.  /3/). 

TABLE  1  STS-9  observed  particle  concentrations 


Number  of  Particles 
per  Frame 
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X  -  1 
X  -  0 

Total  Contamination 


Number  of  Frames 
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IN  Is 
EXPOSURE 


TIME  AFTER  END  OF  WATER  DUMP  (min) 


Fig.  3.  NASA-IECM  data  for  water  dump  decay 
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The  IECM  cameras  have  seen  stars  as  faint 
as  tenth  visual  magnitude;  background 
levels  of  10"13  solar  brightness  were 
achieved.  Smaller  particles  which  were 
undetectible ,  but  were  found  by  the  TQCM 
(discussed  below),  could  still  interfere 
with  sensitive  astronomical  observations 
looking  for  objects  fainter  than  tenth 
magnitude.  Computer-based  algorithms  for 
film  analysis  are  now  operational  at 
NASA/MSFC.  The  film  has  been  digitized. 
Particle  positions,  velocities  and  radii 
have  been  determined.  Particles  up  to 
300  um  have  been  observed. 

Another  interesting  set  of  observations 
were  acquired  by  the  temperature  con¬ 
trolled  quartz  crystal  microbalances 
(TQCM)  flown  on  the  Spacelab  1  mission  by 
McKeown  (Faraday),  Fountain  and  Cox 
(NASA/MSFC)  and  Peterson  (Aerospace ). /I  1/ 
Sensors  were  pointed  along  five  direc¬ 
tions  (‘X,  tY,  -Z).  The  sensor  facing 
out  of  the  bay  (-Z)  acquired  the  least 
mass  indicating  that  collisional 
backscattering  of  particulates  does  not 
appear  to  be  a  significant  process.  The 
sensor  facing  Spacela’b  1  gained  the  most 
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mass.  Post-flight  analysis  of  particulates  found  that  most  particles  were  in  the  1-20  uni 
range,  a  size  which  is  below  the  camera  data  threshold.  This  indicates  that  the  cameras 
see  only  a  small  portion  of  the  particles  in  the  environment.  The  sources  of  the  TQCM 
particulates  were  estimated  via  elemental  analysis  to  be  from  ascent  redistribution  and 
solid  rocket  motor  firings  on-orbit.  However,  crew  activity-generated  particles  must  be 
substantial  to  explain  the  large  accretion  on  the  sensor  facing  Spacelab  1. 

The  Particle  Analysis  Cameras  for  Shutt'e  (PACS)  experiment  was  on  the  recent  STS-61-C  mis¬ 
sion  in  January  of  1986.  M.  Ahmadjian  of  the  Air  Force  Geophysics  Laboratory  was  the  prin¬ 
cipal  investigator  and  K.  Yates  (also  of  AFGL)  is  responsible  for  data  analysis.  They  have 
been  assisted  by  B.D.  Green  of  Physical  Sciences  Inc.  H.  Miranda  of  Epsilon  Laboratories 
assembled  the  camera  package,  and  D.  Bunnell  of  Utah  State  University  was  responsible  for 
payload  integration  into  the  HITCHHIKER  pallet.  The  PACS  experiment  also  consisted  of  a 
pair  of  cameras  configured  in  stereo  viewing  geometry.  The  aim  of  thi6  experiment  was  to 
quantify  the  particle  environment  throughout  the  mission,  to  use  the  particle  trajectories 
to  identify  sources  and  to  characterize  particle  generating  events.  PACS  differed  from  the 
IECM  cameras  in  that  the  exposure  sequence  was  of  fixed  duration.  There  were  four  expo¬ 
sures  in  a  sequence,  each  on  a  different  frame  of  film.  Exposure  times  were  0.3,  0.3,  1.0 
and  2.5s  during  a  6.5s  period.  This  sequence  was  repeated  every  120s.  Fast  film  (ASA2000) 
was  used  to  compensate  for  shorter  exposure  durations.  In  addition  a  strobe  light  was 
incorporated  into  the  package  so  that  solar  illumination  would  not  entirely  dominate  view¬ 
ing  time  —  permitting  particles  to  be  observed  during  orbital  night. 

PACS  was  part  of  the  HITCHHIKER  G-1  pallet  (under  the  direction  of  T.  Goldsmith  of  NASA/ 
Goddard)  which  provided  power,  time  keeping  and  telemetry.  The  flexibility  and  smooth 
operation  of  the  HITCHHIKER  pallet  contributed  greatly  to  the  success  of  PACS.  The 
STS  6 1 -C  mission  was  an  excellent  candidate  mission  for  heavy  particle  loadings.  The 
Columbia  had  been  just  refurbished  and  this  represented  its  first  flight  in  two  years. 

Also  the  orbiter  was  exposed  to  several  weeks  of  heavy  rains  while  on  the  pad  prior  to 
launch.  One  of  the  cameras  operated  successfully  throughout  the  six  day  mission.  Data  was 
acquired  during  80  orbits  and  nearly  1 5,000  film  frames  were  exposed. 

We  are  currently  in  the  process  of  correlating  observations  with  events  and  attitudes. 
Preliminary  results  indicate  that  many  frames  exhibit  no  detectible  particles  and  should 
provide  clear  fields  for  remote  observations.  However,  particles  have  been  observed  on 
many  frames.  At  present  only  stars  as  faint  as  sixth  visible  magnitude  have  been  identi¬ 
fied,  but  we  are  in  the  process  of  using  digital  image  enhancement  techniques  to  increase 
our  sensitivity.  Particles  above  25-30  im  should  be  detectible.  Again  both  water  dumps 
and  thruster  events  have  been  observed  to  cause  particle  generation.  The  PACS  experiment 
observed  the  decay  in  particles  after  a  water  dump  to  have  two  components:  a  very  prompt 
non-exponential  decay  followed  by  a  slower  return  to  baseline  levels.  Particles  were 
observed  whose  intensities  periodically  varied  during  an  exposure  suggesting  rapid  rotation 
of  non-spherical  particles.  Additionally  there  appears  to  be  a  correlation  of  number  of 
detectible  particulates  with  orbital  sunrise.  This  may  be  due  to  thermal  stresses.  These 
observations  are  only  preliminary  and  are  being  carefully  verified  by  a  more  thorough 
analysis  at  present. 

RADIANCE  CALCULATIONS 

From  the  above  observations  it  is  clear  that  particles  are  visually  very  significant  and 
could  hamper  the  observation  of  faint  astronomical  objects.  In  order  to  quantify  this 
statement,  Mie  scattering  calculations  were  undertaken  by  W.T.  Rawlins  of  PSI  to  systemati¬ 
cally  assess  the  impact  of  radiance  and  scattering  of  smaller  particles  on  more  sensitive 
instruments  and  on  measurements  in  other  spectral  bandpasses.  The  total  radiant  intensity 
from  a  particle  has  three  major  components:  emission,  solar  scattering  and  earthshine 
scattering  as  governed  by  the  complex  index  of  refraction  and  viewing  geometry.  For  these 
calculations  we  assumed  that  ice  would  be  the  major  scattering  constituent  and  that  the 
particles  were  spherical.  The  TQCM  and  camera  data  indicate  that  these  assumptions  are 
certainly  not  always  valid.  However  these  simplifying  assumptions  make  the  problem  more 
tractable  and  permit  first  pass  scoping  calculations.  Ice  has  highly  structured  indices  of 
refraction  across  the  wavelength  region  of  interest  as  shown  in  Figure  4  (from  /1 2/).  The 
assumption  of  blackbody  or  grey  body  behavior  would  cause  for  larger  errors  than  the 
assumptions  above.  In  addition  solar  scattering  is  highly  angle  dependent  as  shown  in 
Figure  5  (from  /13/).  The  forward  lobe  (9  <  40#)  permits  the  most  sensitive  particle 
detection  as  employed  in  the  "snowflake"  study. /4/  For  example  a  3  am  radius  particle  at 
30*  solar  scattering  angle  will  be  as  detectible  as  a  30  jm  particle  for  a  90*  scattering 
angle.  The  structure  with  scattering  angle  is  mathematically  rigorous  and  is  not  "noise." 
Infrared  astronomical  observations  such  as  the  IRT  discussed  in  this  issue  /6/,  will  see 
particles  dominantly  from  their  self-emission,  although  there  will  still  be  day/night, 
particle  size,  and  latitude  variations  as  shown  in  Figure  6.  in  that  figure  (from  /13/) 
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Fig.  4.  Highly-structured  imaginary  component  of  index  of  refraction  for  ice 
for  wavelengths  between  the  vacuum  ultraviolet  and  far  infrared  (from  /12/>. 


ANGULAR  DEPENDENCE  OF  LIGHT  SCATTERING 


Fig.  5.  Angular  dependence  of  light  scattering  for  two  different  size  spherical  particle 
of  ice  (from  / 1 3/ ) . 
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Fig.  6.  Steady-Btate  ice  particle  tempera turee  (from  /13/). 

the  steady  state  temperature  achieved  by  ice  particles  is  plotted  as  a  function  of  size  and 
illumination  (solar,  earth)  conditions.  Due  to  the  structured  nature  of  the  complex  index 
of  refraction,  the  infrared  emission  spectrum  will  be  highly  structured  and  also  varying 
with  particle  size  as  shewn  in  Figure  7.  This  should  present  an  interesting  challenge  for 
analysis  of  infrared  data. 
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For  visible  particulate  observations,  solar 
illumination  angle  is  the  key  parameter. 
Particles  appear  to  be  often  preeent,  but  are 
observable  only  under  proper  illumination 
conditions.  Infrared  observations  will  pro¬ 
vide  a  clearer  test  of  the  shuttle  particu¬ 
late  environment.  Particles  have  been 
observed  after  orbital  maneuvers  and  payload 
bay  door  operations,  during  and  after  water 
dumps,  after  sunrise  and  even  occasionally 
during  quiescent  "observational1*  periods. 

The  observed  particle  environment  is  highly 
variable.  Particles  have  been  observed  which 
are  brighter  than  any  star  in  the  visible. 

Accurate  diagnosis  of  the  optical  environment 
surrounding  the  shuttle  will  occur  as  exist¬ 
ing  databases  are  analyzed  and  the  insight 
gained  is  used  to  plan  future  experiments. 

The  next  generation  of  experiments  already 
planned  include:  the  Interim  Operational 
Contamination  Monitor  (from  Jet  Propulsion 
Laboratory)  which  utilizes  compartments  to 
capture  particles  during  ascent,  orbital 
trimming,  and  even  on-orbit;  the  Ascent  Par¬ 
ticle  Monitor  (from  Martin  Marietta);  and  a 
reflight  of  the  PACS  experiment  with  minor 
improvements  to  gain  sensitivity.  Only  with 
an  increased  understanding  of  the  particulate 
sources  on-orbit  can  remedial  actions  be  sug¬ 
gested  so  that  future  astronomical  observa¬ 
tion  payloads  are  not  constrained  to  be 
particulate  detection  experiments. 
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Fig.  7.  Infrared  particle  brightness  calcu¬ 
lated  for  three  different  size  particles. 
Note  exponents  of  intensity  (from  /13/). 
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The  Particulate  Environment  Around  the  Shuttle  as 
Determined  by  the  PACS  Experiment 

Paper  777  01  SPIE  Contamination  Effects  Conference  (1987) 
PSI-139/SR-298  reproduced  in  its  entirety. 
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Abstract 


The  Particle  Analysis  Cameras  for  Shuttle  (PACS)  Experiment  was  flown  on  Mission  STS61C 
(Columbia)  in  January  1986.  This  experiment  involved  a  pair  of  cameras  in  a  stereo  viewing 
configuration  and  an  associated  strobe  light  flash  to  permit  particle  observation  during  the 
entire  orbit.  Although  only  one  camera  functioned  properly,  significant  trends  and  particle 
counts  were  still  obtained  from  the  film  data.  We  report  here  the  preliminary  analysis  and 
conclusions  from  that  mission. 


Introduction  and  background 

Ever  since  the  first  manned  missions  in  earth  orbit,  there  have  been  visual  reports  of 
ac t i v i ty-induced  particles  surrounding  the  spacecraft.  During  the  Mercury  through  Apollo 
missions  many  unusual  particle  observations  were  reported.  The  sensitivity  to  particle 
detection  however  strongly  depends  upon  illumination  geometry,  and  quantification  of  the 
observations  required  more  controlled  observations.  Both  video  and  coronagraphic  investiga¬ 
tions  were  undertaken  on  Skylab  in  1973. ^“3  Particles  with  radii  as  small  as  5  gm  were 
detected.  Our  analysis  of  their  data  has  revealed  that  the  numerous  particles  observed  had 
a  size  distribution  which  followed  a  rough  r-^  5  dependence,  i.e.,  on  average  there  would  be 
30  times  as  many  5  um  radius  particles  as  50  gm  radius  particles.  Moreover  the  particle 
velocities  observed  were  in  the  0.1  to  20  m/s  range  with  the  larger  particles  generally  mov¬ 
ing  more  3lowly.  These  particles  were  observed  after  Skylab  had  been  on-orbit  for  several 
months.  Because  the  Shuttle  Orbiter  was  to  act  as  an  orbital  observation  platform  carrying 
astronomical  and  aeronomical  experiments  into  orbit  for  week  long  observation  missions,  both 
NASA  and  the  Air  Force  realized  that  the  local  particulate  environment  could  seriously 
compromise  the  ability  to  make  remote  observations. 


From  the  inception  of  the  Shuttle  program,  environmental  optical  quality  goals  were  set 
by  a  NASA  Panel.  The  Contamination  Requirement  Design  Group  (CRDG)  guidelines4  specified  an 
acceptable  particulate  contamination  level  on-orbit  for  the  normal  Shuttle  operational  envi¬ 
ronment  as  an  average  of  less  than  one  particle  per  orbit  entering  a  1.5  x  10“5  sr  field  of 
view  along  any  line  within  60  deg  of  the  -Z  axis  (out  of  bay),  and  this  f leld-of-view  should 
contain  no  discernible  particles  for  90  percent  of  the  operational  period.  A  discernible 
particle  is  a  particle  with  diameter  of  5  gm  within  a  range  of  10  km. 


Contamination  below  this  level  was  generally  deemed  as  undetectable  or  as  an  aceeptacle 
nuisance  level  Recent  advances  in  detector  technology  (especially  in  the  infrared)  may 
require  more  stringent  future  guidelines  for  Space  Station  or  drive  the  most  sensitive 
experiments  off  large  space  structures  onto  free  flying  platforms.  The  particles  observed 
on-orbit  are  believed  to  arise  primarily  from  ground  based  processing.  The  orbiter  process¬ 
ing  facilities  have  been  improved  significantly  with  particulate  counts  being  carefully 
monitored  by  passive  techniques,  such  as  witness  arrays,  at  every  stage  of  processing.  rr,o 
improvements  have  resulted  in  substantially  less  particulate  loading  (area  coverage)  on  tr.e 
arrays.  In  spite  of  these  improvements  it  is  still  recommended  that  most  sensitive  payloads 
adopt  protective  measures  against  particles  until  safely  on-orbit.  Another  major  contamina¬ 
tion  period  is  during  ascent  when  the  payload  bay  venting  could  move  particles  around  and 
down  onto  sensitive  surfaces.  Simultaneously,  vibrations  from  the  Solid  Rocket  Boosters  and 
when  the  Shuttle  goes  transonic  will  act  to  redistribute  particles.  It  has  long  been  known 
that  activities  such  as  water  dumps  generate  copious  ice  particles,  but  in  this  paper  we 
report  that  a  whole  range  of  events  such  as  crew  activities  and  engine  firings  can  shake 
loose  or  produce  particles  detectible  to  sensitive  astronomical  instruments.  While  on- 
orbit,  mi crome teor i tes  may  spall  off  material  as  modeled  by  3arengoi  tz . 3  He  predicted  that 
formation  of  smaller  particles  down  to  2  gm  is  favored.  Data  from  the  passive  collection 
techniques  and  ground  processing  facilities  is  carefully  reviewed  in  tne  Particulate  Envi¬ 
ronment  Section  of  ENVIRONET  which  has  been  compiled  by  Barengoltz.^1  A  general  review  of 
this  environment  has  also  recently  appeared.'  Ore  clear  oojective  of  tne  acquiring  of  a 
prelaunch  and  orbital  observations  database  should  be  the  development  of  a  predictive  mode. 
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baaed  on  these  data.  This  model  may  then  be  exercised  to  predict  optimum  observational 
periods  or  suggest  key  ameliorative  procedures  to  be  undertaken. 

In  order  to  verify  that  CRDG  Guidelines  were  met  a  pair  of  cameras  in  a  stereo  viewing 
geometry  were  included  as  part  of  the  Induced  Environment  Contamination  Monitor  (IECM)  diag¬ 
nostic  pallet  which  was  manifested  on  the  earliest  missions  (STS2,3,4)  and  on  the  Spacelab  1 
Mission  (STS9) .  This  pallet  was  assembled  under  the  guidance  of  Edgar  Miller  of  NASA/ 
Marshall  Space  Flight  Center.  The  pallet  and  its  results  have  been  reported  elsewhere4  • 13 
and  will  only  be  briefly  described  here.  This  experiment  involved  a  pair  of  16  mm  cameras 
with  32  deg  f ields-of-view.  Overlapping  fields  of  view  provided  the  stereo  coverage  neces¬ 
sary  to  determine  particle  position  in  three  dimensions  relative  to  the  camera.  From  expo¬ 
sure  time  each  particle's  velocity  vector  can  be  determined  and  by  assuming  an  emissivity/ 
scattering  efficiency/  each  particle's  size  can  be  determined  from  film  exposure  level  and 
distance.  The  particle  velocity  vector  determination  was  aided  by  use  of  a  chopping  shut¬ 
ter.  An  integrating  photometer  terminated  the  frame's  exposure  when  sufficient  radiance 
levels  were  achieved.  Exposures  up  to  15s  were  achieved  under  the  lowest  light  conditions. 
The  IECM  was  positioned  in  the  rear  of  the  bay  near  the  centerline  gust  below  the  sidewall 
rails  looking  directly  out  of  the  bay.  Based  on  the  film  exposure  curves  and  intensity  of 
stars  observed  (10th  magnitude  visual)  they  have  estimated  a  particle  detection  threshold 
for  their  Spacelab  1  experiment  as  28  um  and  slightly  better  for  the  early  STS2,3,4  observa¬ 
tions.  This  compares  with  a  preflight  estimate  that  a  25  um  ice  particle  within  a  range  of 
30m  traveling  at  3  m/s  (observed  at  60°  to  90°  solar  illumination  angle)  would  produce  an 
image  density  5  percent  above  the  fog  level. ® 

In  addition  to  film  camera  data  there  have  been  other  observations  of  particles  in  the 
shuttle  environment.  The  low  light  level  television  cameras  observed  large  particles  during 
STS-3  as  previously  reported  by  Maag ,  Barengoltz  and  Kuykenda  1 1 . ll^  They  analyzed  videotape 
data  from  the  camera  located  in  the  forward  part  of  the  bay  looking  aft  with  a  four  degree 
f ield-of -view .  With  the  tail  blocking  the  sun<  any  particles  in  the  bay  or  near  the  tail 
were  observed  from  their  forward  scattering  lobe.  This  configuration  provides  the  most  sen¬ 
sitive  detection  of  particles.  Particle  distances  from  the  camera  were  not  known,  but 
atmospheric  drag  was  used  to  size/range  particles.  Because  of  the  relative  insensitivity  of 
the  camera  only  large  particles  could  be  detected  even  in  the  forward  scattering  configura¬ 
tion.  Nevertheless,  a  large  number  of  particles  were  detected.  They  were  estimated  to  be 
in  the  mm-cm  radius  size  range.  Over  60  particles  larger  than  5  mm  were  observed. 

Another  interesting  set  of  observations  were  acquired  by  the  temperature  controlled 
quartz  crystal  microbalances  (TQCM)  flown  on  the  Spacelab  1  mission  by  McKeown,  Fountain  and 
Cox,  and  Peterson.11  Sensors  were  pointed  along  five  directions  (tX,  tY,  -Z).  The  sensor 
facing  out  of  the  bay  (-Z)  acquired  the  least  mass  indicating  that  collisional  backscatter- 
ing  of  particulates  does  not  appear  to  be  a  significant  process.  The  sensor  facing  Space¬ 
lab  1  gained  the  most  mass.  Post-flight  analysis  of  particulates  found  that  most  particles 
were  in  the  1  to  20  um  range,  a  size  which  is  below  the  camera  data  threshold.  This  indi¬ 
cates  that  the  cameras  see  only  a  small  portion  of  the  particles  in  the  environment.  The 
sources  of  the  TQCM  particulates  were  estimated  via  elemental  analysis  to  be  from  ascent  re¬ 
distribution  and  solid  rocket  motor  firings  on-orbit.  However,  crew  activity-generated  par¬ 
ticles  must  be  substantial  to  explain  the  large  accretion  on  the  sensor  facing  Spacelab  1. 

The  Air  Force  realized  that  particulates  could  interfere  with  remote  atmospheric  observa¬ 
tions  of  the  chemical  processes  occurring  in  the  thermosphere  and  mesosphere  which  are 
planned  from  the  Shuttle.  In  order  to  assess  the  magnitude  and  time  scales  for  this  inter¬ 
ference  the  Particle  Analysis  Cameras  for  Shuttle  (PA CS )  experiment  was  developed.  As  for 
the  IECM  cameras,  the  PACS  cameras  were  oriented  so  that  their  f ields-of -v lew  overlapped. 
Analysis  of  the  film  images  from  the  cameras  would  have  permitted  position  and  velocity 
determination.  An  error  analysis  of  the  digitization  and  corralation  procedure  performed  by 
EKTR0N  indicated  accurate  determinations  of  position  and  velocity  components  at  the  few 
percent  level  were  attainable  from  film  data.1^  More  importantly  the  particle's  scattered 
intensity  and  persistence  after  orbital  events  could  be  accurately  monitored  from  the  film 
data. 

The  PACS  cameras  differed  from  the  IECM  cameras  in  several  aspects,  however.  Film  expo¬ 
sures  were  taken  in  sets  of  four.  This  exposure  sequence  was  repeated  every  120s.  In  order 
to  detect  small  particles,  ASA 2000  negative  film  was  used  and  the  cameras  were  focused  at 
25m  rather  than  infinity.  This  distance  represents  a  compromise  between  enhanced  near  field 
sensitivity  to  particles  and  loss  of  the  far  field  stars  which  allowed  for  orientiation  and 
in-flight  calibration.  (For  the  25m  focal  distance  stars  were  observed  as  small,  well- 
defined  circles.  Because  the  stellar  irradiance  was  spread  over  several  film  resolution 
elements,  only  stars  brighter  than  seventh  magnitude  have  been  observed  in  the  PACS  data.) 

A  major  new  feature  of  the  PACS  experiments  was  the  use  of  a  strobed  flashlamp  to  illuminate 
the  closest  particles  throughout  the  entire  orbit.  Because  scattered  solar  illumination 
(not  thermal  emission  or  earthshine)  permits  particle  detection  in  the  visible,  previous 
observations  were  limited  to  the  sunlit  part  of  the  orbit. 


The  objectives  of  the  PACS  experiment  were  to:  1)  quantify  the  particulate  sizes  and 
trajectories  so  as  to  identify  source  locations:  2)  determine  the  severity  of  events  such 
as  dumps,  purges,  maneuvers,  and  various  operations  and  measure  their  decay  (clearing) 
times.  In  the  next  section  we  describe  the  PACS  experimental  design  and  mission  perfor¬ 
mance.  In  the  following  section  we  discuss  post  flight  data  reduction  and  analysis  and 

present  observed  trends  in  particulate  populations  and  interesting  observations.  We  also 
coi.ipare  our  findings  with  the  other  orbital  observations.  Conclusions,  recommendations  and 
future  plans  are  presented  in  the  last  section. 

Experiment  design  and  mission  performance 

The  components  of  the  PACS  experiment  were  designed  and  assembled  at  Epsilon  Labora¬ 
tories.  The  film  cameras  used  were  manufactured  by  Photo-Sonics ,  Inc.  These  16  mm  motion 
picture  cameras  were  modified  to  operate  in  a  stepping  mode  where  film  was  advanced  a  single 
frame  after  each  shuttered  exposure.  An  electronic  controller  unit  was  used  to  synchronize 
shutter,  film  advance,  and  strobe  unit  operation.  The  timing  sequence  for  the  exposure  and 
strobe  sequence  is  as  follows:  0.0  to  0.3s,  first  frame  exposure;  0.3  to  1.0s  shutter 
closed,  film  is  advanced  one  frame;  1.0  to  1.3s,  second  frame  exposure;  film  advances; 

2.0  to  3.0s,  third  frame  exposure  with  strobe  light  pulses  at  beginning  and  end  of  exposure: 
film  advances;  3.7  to  6.4s,  long  fourth  frame  exposure  followed  by  film  advance.  This 
sequence  was  chosen  so  that  smaller  particles  could  be  detected  during  longer  exposures, 
while  velocity  information  would  be  obtained  by  correlating  particles  observed  on  sequential 
frames.  The  cameras  were  mounted  in  sealed  enclosures  which  maintained  nearly  atmospheric 
pressure  for  the  entire  week-long  mission.  The  cameras  and  strobe  were  mounted  on  a  frame 
in  a  stereoscopic  configuration  -  with  all  elements  coplanar  as  shown  in  Figure  1.  Each 
camera  has  a  17“  x  24°  field  of  view  and  is  canted  2.5°  toward  the  strobe  unit  optical  axis. 
Ir,  this  geometry,  the  stereo  overlapping  zone  begins  within  a  meter  of  the  cameras.  The 
fields  of  view  are  shown  schematically  in  Figure  2.  The  lenses  are  25  mm,  f/0.95  and  were 
carefully  focused  at  25m  distance  and  locked  into  position. 
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STROBE  ILLUMINATION  FIELD 


Figure  1.  Two  Cameras  and  Strobe  Assembled 
to  Form  PACS  Experiment 


Figure  2.  Diagram  of  PACS  Fields  of  View 


This  focusing  permitted  factor  of  two  more  sensitive  detection  of  the  particles  in  the 
near  field.  Thresholds  in  the  25  urn  range  were  calculated.  The  focus  at  25m  also  resulted 
in  a  blurring  of  the  stars.  The  data  was  adequate  to  permit  constellations  to  be  observed 
and  thus  the  orientation  to  be  determined.  The  film  magazine  for  each  camera  contained 
450  ft  of  Kodak  2484  PAN  film.  This  extremely  high  speed  (ASA2000)  negative  film  is  well 
suited  to  low  light  level  photography.  Due  to  its  already  grainy  nature,  further  push  pro* 
ceasing  to  ASA6000  was  not  performed.  Elements  in  the  optical  train  and  film  responsivity 
limit  the  bandpass  of  these  observations  to  the  spectral  region  400  to  550  nm . 


The  2 5 W  xenon  EG&G  strobe  (approxioa tely  a  12,000  K  blacfcbody)  was  located  In  a  high 
efficiency  optical  configuration  using  a  parabolic  reflector  to  refocus  the  strobe  6  in. 
beyond  the  vacuum  enclosure  glass  window.  During  the  one  second  film  exposure,  the  strobe 
is  pulsed  twice.  Each  pulse  has  about  50  gJ/cm2  of  visible  light  which  La  delivered  on  axis 
2m  from  the  face  of  the  cameras.  The  pulses  are  about  200  g s  in  duration.  The  illumination 
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pattern  la  peaked  on  axis  and  falls  off  linaarly  from  tha  optical  axis  (half  intensity 
points  at  6  dag  half  angle).  This  aaans  that  even  if  a  particle  la  aovlng  fastar  than  3  a/a 
tha  raflactad  stzoba  illualnation  raaching  a  fils  grain  will  exceed  tha  reflected  solar 
illualnatlon  for  particlss  within  2a  of  tha  caasras.  Pinal  tasting  and  integration  of  the 
P ACS  axpariaant  wars  parforasd  by  Dava  Bunnell  of  Utah  State  Univa rsi ty . 1 3 

PACS  was  configured  to  be  a  Hitchhiker-type  payload  of  opportunity,  and  participated  in 
the  first  Hitchhiker-G  mission  (HHG-1).  Coordinated  by  NASA/Goddard,  Hitchhiker  payloads 
are  provided  with  power  by  the  orbiter  and  have  downlink  telemetry.  A  timing  signal  is  also 
provided  to  the  payload.  The  Mission  Elapsed  Time  (MET)  was  optically  encoded  on  the  film 
margins  facilitating  analysis.  The  PACS  experiment  was  largely  sell -contained ,  with  the 
PACS  microprocessor-controlling  exposure  and  other  routine  operations.  The  Shuttle  payload 
specialist  had  the  ability  to  disable  the  strobe  during  observational  periods  of  other 
experiments. 

The  extremely  fast  film  restricted  the  desired  operating  temperature  range.  The  Hitch¬ 
hiker  structural  plate  is  maintained  in  the  operational  range  of  0‘  to  30'C  by  means  of 
resistance  heaters.  The  cameras  were  thermally  coupled  to  this  plate.  To  further  ensure 
thermal  stability  the  PACS  experiment  was  enclosed  in  a  multi-layer  insulation  blanket  to 
minimize  responses  to  thermal  cycling  during  bay-to-sun  and  bay-to-space  periods. 

During  mid-1985  the  PACS  experiment  was  integrated  onto  the  HHG-1  pallet  which  was  placed 
on-board  the  Columbia  along  the  starboard  side  wall  of  the  bay,  forward  in  bay  position  two, 
2m  behind  the  rear  cabin  wall,  high  in  the  bay  -  above  the  side  wall.  The  PACS  experiment 
is  shown  mounted  on  the  orbiter  Columbia  in  Figure  3.  The  Columbia  had  just  undergone  a 
substantial  refurbishment  taking  two  years.  Unfortunately  the  launch  was  delayed  for 
several  weeks  due  to  inclement  weather  including  heavy  rains  while  on  the  launch  pad.  Thus 
this  mission  was  likely  to  have  a  larger  than  representative  contamination  environment. 
Liftoff  occurred  at  6:55  a.m.  (EST)  on  12  January  1986.  A  nearly  circular  orbit  of  290  km 
altitude  was  achieved  at  28*  inclination.  After  orbit  stabilization  and  opening  the  payload 
bay  doors,  PACS  was  turned  on  at  3  hours  30  min  mission  elapsed  time  (day  0/3:30  MET). 

Initial  indications  were  that 
temperature  and  power  consumption 
and  strobe  power  transients  were 
as  expected.  Shortly  however  the 
shutter  monitor  located  on 
camera  1  stopped  indicating  move¬ 
ment.  With  the  assistance  of 
NASA  personnel  at  the  Hitchhiker 
command  center  several  tests  were 
performed  and  diagnostic  informa¬ 
tion  retrieved  from  the  Orbiter 
downlinked  housekeeping  data 
file.  The  experiment  was  turned 
off  and  restarted  with  no  marked 
improvement  in  performance. 

Rather  than  discontinue  operation 
of  the  experiment  we  elected  to 
ignore  the  shutter  monitor.  Con¬ 
sequently  during  the  rest  of  the 
mission  careful  notes  were  taken 
on  Shuttle  operations  and  atti¬ 
tudes.  These  proved  invaluable 
in  the  post-flight  inalysis, 
highlighting  critical  data  to  be 
examined  more  carefully  once  the 
Orbiter  Operations  Ancilliary 
Data  Tape  containing  positions 
and  attitudes  became  available 
several  months  later.  During  the 
last  days  of  the  mission  three 
attempts  were  made  to  land  in 
Florida  rather  than  California. 
Each  time  the  PACS  Experiment  was 
turned  off  and  the  payload  bay 
doors  were  closed.  The  weather 
remained  perverse  and  the 
Columbia  landed  at  Edwards  Air 
Figure  3.  PACS  Camera  Experiment  Mounted  on  Hitchhiker  Force  Base  at  5:59  a.m.  PST  on 
Pallet  During  Mission  STS  61-C  18  January  1986. 


Several  significant  events  occurred  during  the  six  day  mission.  A  12,000  lb  RCA  TV 
satellite  was  launched  at  0/9:32  MET  (the  first  day  of  the  mission  at  9  hours  32  min). 

There  were  five  water  dumps,  and  a  variety  of  attitudes  were  used  including  passive  thermal 
control  and  several  different  inertial  attitudes  for  comet  Halley  and  astronomical  missions. 
The  measurement  period  of  greatest  interest  to  PACS  occurred  on  the  third  day  of  the  mis¬ 
sion.  Columbia  traveled  an  entire  orbit  with  the  bay  facing  deep  space  with  all  activities 
suppressed  (including  thruster  firings)  then  traveled  another  orbit  in  the  gravity  gradient 
attitude  (nose  to  earth)  with  the  bay  facing  the  wake  direction  again  with  all  activities 
suppressed.  These  periods  should  be  representative  of  the  best  observational  conditions 
achievable  in  the  bay  of  the  orbiter. 


Access  to  the  film  canisters  was  provided  10  days  after  landing.  Inspection  revealed 
that  the  film  in  camera  1  had  jammed  from  the  start.  Camera  2  recorded  data  during  the 
entire  mission  exposuring  over  400  ft  of  film.  The  film  was  developed  by  the  Aerospace 
Corporation.  Several  copies  were  made  and  analysis  began  16  days  after  touchdown.  In  total 
14,788  frames  of  film  data  were  acquired,  covering  parts  of  83  orbits  during  every  day  of 
the  mission. 

Data  analysis 

While  we  were  at  Hitchhiker  Control  Center  during  the  mission  we  gathered  a  great  amount 
of  available  data  on  Shuttle  attitude,  sun  angles,  velocity  vector,  earth  coordinates  and 
the  mission  timeline.  We  did  this  in  response  to  previous  reports  of  difficulty  in  obtain¬ 
ing  such  information  after  the  mission.  The  staff  at  the  Control  Center  (NASA  and  its  asso¬ 
ciated  contractors)  were  extremely  helpful,  providing  a  wealth  of  information  and  assis¬ 
tance  We  made  extensive  use  of  the  Shuttle  Ground  System  Attitude  display  which  provided 
Shuttle  position  and  orientation  updates  several  times  a  minute.  This  data  permitted  us  to 
begin  understanding  the  PACS  data  as  soon  as  the  film  reached  PSI.  The  detailed  Orbiter 
Ancilliary  Data  Tape  became  available  approximately  six  months  later  and  proved  useful  in 
verifying  the  preliminary  analysis. 

Confronted  with  a  massive  film  data  base,  after  assigning  orbital  periods,  we  categorized 
the  frames  into  earth  viewing,  sky  viewing,  overexposed,  and  those  containing  obvious  parti¬ 
cles.  Overexposure  resulted  both  from  having  the  sun  too  near  the  f ield-of-view  of  the  cam¬ 
eras  and  from  viewing  the  sunlit  earth.  Using  the  binary  encoded  mission  elapsed  time  (MET) 
display  and  the  mission  timeline  we  quickly  reconciled  the  film  display  with  the  attitude 
information.  Figure  4  shows  a  typical  frame  of  the  negative  film  data  with  a  2.7s  exposure 
taken  during  the  first  day  of  the  mission  at  22:45  MET.  The  camera  is  looking  back  into  the 
wake  and  observes  the  pre-dawn  city  lights  of  Florida,  the  earth  limb,  the  tenuous  hydroxyl 
airglow  layer  at  -90  km,  and  stars  in  the  constellation  Orion.  By  the  time  the  next  expo¬ 
sure  sequence  had  started  two  minutes  later,  the  orbiter  had  crossed  the  terminator  and  was 
in  sunlight  while  the  earth  below  remained  in  darkness.  Figure  5  shows  data  in  this 
sequence.  Solar-i 1 luroina ted  particles  have  appeared  in  the  near  field  environment  and  rival 
the  rest  of  the  scene  in  brightness.  The  particles  are  being  observed  in  the  backscattering 
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s  (sunrises,  sunsets)  provide  optimal  detection  conditions  for  parti- 
of  film  frames  at  terminator  crossings  in  which  particles  were 
Figure  6.  Although  particles  were  observed  very  often  during  the 
ere  appears  to  be  a  marked  decrease  in  their  occurrence  with  time  on- 
the  six  day  mission  less  than  25  percent  of  the  terminator  crossings 
rticles  in  any  frame.  The  anomalously  large  value  on  day  three  may  be 
it  attitude.  The  Shuttle  spent  most  of  day  three  in  Passive  Thermal 
ttitude  which  sequentially  exposes  most  surfaces  to  the  sun.  We 
particles  due  to  local  thermal  expansions  and  flexing.  This  phenome- 
more  fully  below. 
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Figure  6.  Fraction  of  Film  Exposure 
Particles  at  Sunrise/Suns 

period.  Again  there  appears  to  be  a 
there  are  clearly  more  particles  per 
we  feel  this  is  a  result  of  thermal 


_  The  scattered  intensity  of  each  parti- 

~  cle  is  an  extremely  sensitive  function  of 

scattering  angle  and  also  depends  on  par- 
_  tide  shape,  particle  composition  and 

particle  size.-^4  Quantitative  under¬ 
standing  of  particulate  concentrations  is 
hampered  by  the  constantly  varying  illu¬ 
mination  angles  and  attitudes.  During 
the  first  orbital  sleep  period  the 
_  orbiter  was  placed  in  a  sun  inertial 

attitude  with  the  starboard  (+Y  axis) 
wing  pointed  at  the  sun.  In  this  atti¬ 
tude  when  the  space  above  the  cameras  is 
illuminated,  particles  are  observed  at 
constant  solar-scattering  angles  of 
_  90*  t  10°.  Each  orbit  the  Shuttle 

crosses  the  terminator  and  is  illuminated 
for  a  few  minutes  before  the  earth  below 

_ is  lit  overexposing  the  film.  The  sunlit 

earth  is  observed  for  1/4  orbit.  Then 
the  sunlit  shuttle  observes  deep  space 
for  ~20  min  before  crossing  the  night 
terminator.  The  average  number  of  parti- 
s  Having  cles  observed  during  the  two  periods 

et  "sunrise"  and  "afternoon"  are  displayed 

for  each  orbit  during  the  sun  inertial 
decrease  in  particles  with  time  on-orbit.  In  addition 
frame  at  sunrise  than  later  in  the  orbital  day.  Again 
stresses  generated  at  sunrise. 


One  of  the  goals  of  PACS  was  to  determine  the  time  required  to  return  to  a  clean  optical 
environment  after  a  water  dump.  Although  several  dumps  occurred  during  the  mission  and  par¬ 
ticles  associated  with  those  dumps  were  observed,  only  one  happened  under  proper  illumina¬ 
tion  conditions  so  that  a  temporal  decay  could  be  observed.  Particles  were  observed 
promptly  in  the  first  frame  taken  about  1  rain  after  the  start  of  the  dump.  The  optical 
environment  is  severely  degraded  during  the  dump.  Figure  7  shows  the  0.3s  exposure  taken 
just  after  the  end  of  the  water  dump  at  21:51  MET.  More  than  a  hundred  particles  are 
observed  in  the  0.13  sr  field-of-view.  Because  this  dump  occurred  at  the  end  of  the  first 
sleep  period  the  Shuttle  was  still  in  sun  inertial  attitude.  For  fixed  solar  angle  the 
observed  temporal  decay  of  the  particles  reflects  a  real  drop  in  concentration,  since  detec¬ 
tion  sensitivity  is  a  constant.  The  number  of  visual  particles  in  each  2.7s  exposure  is 
plotted  in  Figure  8  from  the  end  of  the  dump  until  orbital  sunset  19  min  later.  There  is  a 
rapid  (nearly  two  orders  of  magnitude)  decrease  in  the  first  6  min  followed  by  a  much  slower 
decay.  The  water  ejection  occurs  from  a  jet  on  the  opposite  (port)  side  of  the  Shuttle  well 
below  the  opened  bay  doors.  Ice  particles  formed  in  the  expansion  will  undergo  complex  tra¬ 
jectories  due  to  plume  collision  effects  and  atmospheric  drag.  Although  particles  were 
observed  with  many  different  trajectories,  the  usual  direction  observed  was  across  the  bay  - 
-  the  direction  from  the  water  dump  jet  outlet  to  the  PACS  field  of  view.  During  the  period 
after  the  dump,  the  shuttle  orientation  with  respect  to  the  velocity  vector  changed.  During 
the  dump  the  bay  was  in  the  ram  direction  (+ZVV)  so  that  atmospheric  drag  would  tend  to 
force  the  particles  behind  the  shuttle.  By  the  end  of  the  dump,  a  component  of  the  atmos¬ 
pheric  drag  was  across  the  bay  so  that  some  of  the  particles  would  oe  forced  across  the  bay. 
This  component  changed  with  time  so  that  just  before  sunset  (22:07)  t.ne  velocity  vector  had 
rotated  so  that  the  water  jet  3ide  of  the  shuttle  squarely  faced  the  ram  direction  i-YVVj. 
During  the  decay  after  the  dump  there  was  no  obvious  change  in  particle  direction  or  bright¬ 
ness  (size/distance).  However,  this  change  in  attitude  may  have  affected  the  temporal 
decay  of  the  particles.  For  comparison,  the  decay  in  particles  was  observed  after  a  dump  ov 
the  NASA  IECM  Cameras.  They  agree  in  magnitude  with  the  particle  counts  observed  by  PACS. 
The  decay  in  that  data  seems  to  more  closely  follow  a  single  exponential  decay  with  an  e- 
fold  time  of  less  than  5  min.  The  PACS  data  shows  a  more  rapid  early  time  decay.  However, 


Figure  Exposure  Taken  Just  After  the  End  of 

the  Water  Dump 

we  feel  the  details  of  the  decay  are  dependent  on 
the  atmospheric  drag  velocity  vector.  There  were 
eleven  fuel  cell  purges  during  PACS  observa tional 
periods.  We  detected  no  obvious  particulates  asso¬ 
ciated  with  these  events. 
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Figure  8. 


Particle  Decay 

The  other  mission  event  that  dramatically  Water  Dump  (Vi 

increased  the  detectible  particles  was  the  TV  Count) 

satellite  deployment  at  0/9:32  MET.  This  satellite 

was  located  i-n  the  rear  of  the  bay  in  a  retractable  clamshell  container.  Start 
opening  of  the  container  particles  were  observed  moving  across  the  camera  field 
from  the  rear  of  the  bay.  As  the  satellite  was  spun  up  to  its  50  rpm  rotation 
ous  particles  were  continuously  observed.  They  first  moved  rapidly,  then  more 
the  particles  were  released  early  in  the  spin-up  but  with  a  distribution  of  vei 
Thus  the  fast  moving  particles  reached  the  field  of  view  first,  followed  by  the 
ing  portion  of  the  distribution.  For  all  particles  the  direction  of  motion  was 
from  the  rear  of  the  bay.  During  the  15  min  prior  to  satellite  launch  the  opti 
ment  was  the  worst  during  the  entire  mission.  The  0.3s  exposure  frame  taken  11 
deployment  is  shown  in  Figure  9. 
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During  this  period  the  shuttle  was  in  a  3un-inertial  attitude.  Illumination  conditions 
remained  neacly  constant  with  a  80*  angle  between  the  sun,  the  particles,  and  the  camera. 

At  the  start  of  deployment  the  velocity  vector  was  across  the  bay,  later  the  bay  was  in  the 
wake.  Atmospheric  drag  may  have  altered  the  particle  trajectories  somewhat  in  Figure  9 
giving  rise  to  a  crossbay  velocity  component.  We  have  attempted  to  assess  the  magnitude  of 
thi3  component.  The  acceleration  due  to  atmospheric  drag,  a,  can  be  written^-5 
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of  the  atmosphere  by  the  particle.  The  atmospheric  density, 
3  (Ref.  16)  and  the  shuttle  velocity  is  8  x  10^  cm/s.  For  a 
■3  then  ad  =  0.03  cm2/s2.  If  the  scattering  is  very  inelastic 
y  half  this  value.  During  the  early  part  of  the  deployment 
bay  that  were  displaced  by  drag  by  more  than  5m  would  not  be 
view  traveling  in  a  mostly  forward  (to  the  nose)  direction, 
drag  acceleration  will  be  3  cm/s2.  In  order  to  satisfy  the 
Id  have  to  be  traveling  faster  than  1/2  m/s  making  the  trip 
view  in  less  than  1/2  min.  Larger  particles  could  be  moving 
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Exposure  Taken  During  Preparation  for 
Satellite  Launch 


slower  and  still  reach  the  field  of 
view.  Obviously  atmospheric  drag  can 
significantly  alter  particle  trajec¬ 
tories.  We  are  in  the  process  of 
modeling  this  process  more  accurately. 

The  slowly  moving  particles  seen  at 
the  end  of  the  deployment  sequence 
could  easily  have  taken  several  minutes 
to  arrive  in  the  camera  field  of  view. 
Because  the  bay  was  in  the  wake  during 
this  time  the  particles  did  not  undergo 
acceleration  by  atmospheric  photo 
drag . 

At  several  times  during  the  mission 
groups  of  particles  were  observed 
within  the  field  of  view  for  several 
sets  of  exposures.  Groups  of 
~75  particles  were  observed  to  be  in 
the  same  relative  positions  in  frames 
taken  two  minutes  apart.  One  particle 

Figure  9.  Exposure  Taken  During  Preparation  for  took  eight  minutes  to  traverse  the 

Satellite  Launch  field  of  view.  These  nearly  immobile 

particles  were  observed  in  several 

different  attitudes  including  the  velocity  vector  across  the  bay  (so  that  the  entire  column 
in  the  field  of  view  was  subjected  to  atmospheric  drag)  and  even  when  the  bay  was  in  ram. 
Because  several  of  these  particles  had  clear  disks  they  were  not  on  the  camera  lens  but 
rather  quite  remote/  >10m.  Based  on  drag  calculations  they  must  have  been  quite  large 
(larger  than  cm  diameters)  in  order  to  persist  with  negligible  motion  in  the  field  of  view. 
We  can  offer  no  better  explanation  at  this  time. 

Particles  were  often  observed  with  rapidly  oscillating  radiance  levels  as  if  they  were 
presenting  different  geometric  aspects  to  the  camera.  We  believe  they  were  non-spher 1 ca 1 
particles  rotating.  One  particle  exhibited  47  periodic  oscillations  during  a  2.5s  exposure. 
We  are  unable  to  postulate  a  source  mechanism  which  would  give  rise  to  such  rapidly  rotating 
particles.  Drag  would  tend  to  damp  these  rotations. 

Besides  the  events  which  obviously  degrade  the  optical  environment  around  shuttle,  there 
were  two  key  observational  periods  during  which  all  activities  were  suppressed.  On  mission 
day  2,  after  50  hours  on-orbit,  the  shuttle  maneuvered  into  a  deep  space  viewing  attitude 
(nose  into  the  velocity  vector,  earth  below  the  port  wing).  No  further  thruster  firings 
were  used  to  maintain  this  attitude.  Data  was  acquired  for  105  minutes  in  this  mode 
(>1  orbit),  then  the  shuttle  maneuvered  into  gravity  gradient  attitude  (nose  to  earth,  bay 
facing  wake).  Again  thrusters  were  disabled.  The  shuttle  attitude  varied  only  slightly 
(<5°)  during  this  orbit.  The  numbers  of  particles  observed  within  the  field  of  view  during 
the  two  sequences  is  shown  in  Figures  10  and  11. 

The  frames  taken  in  deep  space  viewing  attitude  have  near  optimum  viewing  geometry  -  the 
sun  is  nearly  perpendicular  to  the  bay  so  that  even  near  field  particles  are  solar  illumi¬ 
nated  and  observed  at  a  90”  scattering  angle.  In  Figure  10  there  are  two  clear  periods  when 
particles  were  observed:  just  after  the  maneuvering  was  completed  and  just  after  orbital 
sunrise.  Note  there  is  no  corresponding  feature  at  sunset.  Due  to  slight  attitude  preces¬ 
sion  during  the  orbit,  the  solar  angle  changes  slowly.  The  film  data  is  overexposed  when¬ 
ever  the  sun  illuminates  the  cameras  directly.  Better  rejection  baffles  will  be  needed  on 
future  missions.  However  during  the  period  2/03:39  to  03:59  the  cabin  shadows  the  bay  so 
that  particles  are  observed  in  the  region  beyond  1.75m  from  the  cameras.  Orbital  sunrise 
occurred  at  2/03:37.  The  illumination  conditions  are  quite  constant  so  that  the  fluctua¬ 
tions  in  the  particle  counts  after  sunrise  should  be  real.  Several  very  different  trajec¬ 
tories  were  observed.  (A  nose-to-tail  direction  of  motion  should  have  been  favored  due  to 
drag.)  Because  the  bay  was  not  illuminated  during  this  period  (shadowed  by  cabin)  the 
observed  particles  may  have  arisen  from  very  different  parts  of  the  orbiter. 

In  Figure  11  the  gravity  gradient  data  is  presented.  The  film  is  most  often  overexposed 
in  this  attitude.  The  earth  is  in  the  field  of  view  so  that  the  sunlit  earth  overexposes 
the  fLlm.  The  best  viewing  conditions  are  when  the  shuttle  bottom  is  illuminated  and  the 
earth  is  still  dark  as  occurred  from  2/05:10  to  05:18.  Here  again  a  flurry  of  particles  are 
observed  just  after  orbital  sunrise.  They  are  observed  with  a  solar  illumination  angle  of 
'io.  deg.  This  is  a  very  sensitive  configuration.14  The  bay  is  shadowed,  but  the  field  of 
view  begins  to  be  illuminated  about  3.5m  from  the  cameras.  The  particle  trajectories  seem 
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Figure  10.  Particles  in  Field  of  View  During 
PACS  Prime  Measurement  Sequence 
(Deep  Space  Viewing  -  All  Disabled) 
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to  be  mainly  rear  to  forward.  The  bay 
is  in  wake  and  not  solar  illuminated, 
thus  any  particles  observed  most  proba¬ 
bly  are  swept  into  the  field  of  view  by 
drag . 

Scialdone^  ^as  recently  suggested 
that  several  thermal  processes  could 
drive  particles  off  surfaces.  We  feel 
that  the  current  data  3hows  clear  evi¬ 
dence  that  sunrise  related  thermal 
stresses  induce  particle  generation. 

Summary  and  future  plans 

The  PACS  camera  successfully  gath¬ 
ered  data  on  the  orbital  particulate 
contamination  environment  during  mis¬ 
sion  STS-61C.  The  film  data  clearly 
indicate  that  the  solar  illumination 
angle  is  the  key  parameter.  We  suspect 
particles  were  often  present  but  we 
were  able  to  observe  them  only  under 
proper  illumination  conditions.  At 
terminator  crossings  (when  illumination 
conditions  were  reasonably  good)  parti¬ 
cles  were  observed  about  1/3  of  the 
time  within  the  17  x  24  deg  field  of 
view  of  the  PACS  cameras.  Particles 
were  observed:  when  all  activity  was 
suppressed,  after  maneuvering,  after 
payload  bay  door  operations,  during  the 
preparations  for  a  satellite  launch, 
during  and  after  water  dumps,  and  after 
sunrise.  During  active  events  such  as 
dumps  and  the  satellite  launch  the  par¬ 
ticle  trajectories  observed  extrapo¬ 
lated  back  to  the  vicinity  of  the 
source.  Atmospheric  drag  accelerations 
only  slightly  perturb  the  trajectories 
of  detected  particles  during  these 
events.  Only  a  few  particles  were 
detected  by  the  st robe-i 1 lumi na t ion . 
This  indicates  that  the  particles  were 
nearly  always  beyond  2m  from  the  cam¬ 
eras.  It  also  appears  that  particles 
are  often  very  asymmetric  offering  dif¬ 
ferent  geometrical  areas  to  the  cameras 
at  an  angular  rate  of  up  to  20  per 
second.  Particles  with  trajectories 
from  every  direction  were  observed. 


Figure  11.  Particles  in  Field  of  View  When  Gravity  We  can  attempt 

Gradient  Attitude  Bay  in  Wake  (All  observations  with 

Disabled)  standards.  Rough 

is  on  average  1/3 

exposure  (~1  particle  per  second)  late  in  the  mission  within  the  0.126 
PACS.  This  corresponds  to  approximately  2/3  particle  per  orbit  within 
of  view.  The  PACS  observations  would  satisfy  the  CRDG  guidelines  exce 
to  sense  particles  down  to  5  um  diameters  and  certainly  is  not  sensiti 
at  5  km.  However,  the  PACS  results  are  encouraging  in  that  there  may 
wnen  the  optical  environment  is  quite  clean.  Unfortunately  there  are 
not . 
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We  are  currently  examining  in  more  detail  the  particle  trajectories  and  angular  veloc¬ 
ities  associated  with  particular  events.  By  correlating  these  with  exact  attitudes  we  hope 
to  extract  drag  and  hence  size  information.  Unfortunately  with  data  from  only  a  single  cam¬ 
era,  details  of  size  and  velocity  determinations  are  not  possible.  Radiance  levels  can  be 
used  to  estimate  particle  sizes  for  those  cases  when  the  particle  has  a  visible  disk  rather 
than  a  blurred  disk.  Thus  film  calibration  is  being  performed.  By  relating  tne  illumina¬ 
tion  variations  to  cross  sectional  areas,  particle  asymmetry  can  be  estimated  for  rotating 
particles. 
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In  addition,  image  enhancement  techniques  are  being  applied  to  the  film  data  including 
histogram  manipulations ,  edge  operations,  and  contrast  segmenting  to  determine  the  presence 
of  smaller  particles.  This  work  is  being  performed  by  Ben  Gold  at  EKTRON  Applied  Imaging. 
This  processing  destroys  the  ability  to  measure  absolute  radiance  levels  but  may  push  the 
detection  threshold  to  the  20  um  diameter  particle  level.  To  date  sensitivity  has  been 
increased  by  another  factor  of  2.5  so  that  about  five  times  as  many  stars  and  particles  are 
detectable  in  a  frame. 

Thus  in  spite  of  certain  limitations  the  PACS  data  has  been  very  useful  in  identifying 
timescales  of  various  processes  and  ranking  the  severity  of  contamination  sources  for  the 
shuttle  environment.  We  are  currently  planning  to  refurbish  and  upgrade  the  cameras  for 
reflight  on  a  future  mission. 
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